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Abstract
Symmetry in photonic crystals is reflected in the structure of their photonic bands
and symmetry breaking can result in the development of complete photonic band
gaps, leading to enhanced optical properties. This can be difficult for self-assembled
nanostructures, due to their restriction by fundamental principles to preferential
geometries, but can be achieved through the application of external stimuli.
In order to explore such an approach, elastomeric, nanoengineered, polymer pho-
tonic crystal structures have been fabricated on a large scale, through a method
of shear induced self-assembly of '200 nm monodisperse, polymer spheres with
a core-shell structure. Determination of the assembly geometry through light
diffraction experiments reveals a highly symmetric structure of close-packed, core-
shell particles, with its orientation governed by the directionality imposed by the
fabrication procedure.
In these tuneable photonic crystals, application of external strain at directions of
different crystallographic symmetry, accompanied by synchronised optomechanical
measurements, reveals strong anisotropic optomechanical properties. It is shown
that mechanical properties are primarily dominated by the viscoelastic nature of
the shell material, while the strain-induced symmetry breaking reveals previously
forbidden resonant peaks. Experiments involving uniaxial extension at principal
and non-principal directions verify the underlying symmetry of the crystal lattice
and consistently reproduce the anisotropic optical properties, providing information
regarding the dual microstructure that controls the optomechanical response of
these systems.
Simulations based on a model of close-packed hard spheres predict the appear-
ance of secondary resonances and suggest a structural transition from an fcc to
a lower symmetry monoclinic crystal lattice. A more elaborate micromechanical
model does not verify this transition but predicts the strain dependence of domi-
nant spectroscopic peaks. Experiments involving different crosslinking densities
reveal individual contributions from the elements comprising the material’s dual
microstructure. The inherently low refractive index contrast featured by these
polymeric systems forbids the development of full photonic band gaps but symme-
try based principles can be applicable to other structures with similar topological
restrictions.
Results provide a possible route for fabrication of active deformable nanostructures
and aid our understanding of self-assembly in these complex systems, leading to
optimised large-scale fabrication.
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“It sometimes happens in Alpine excursions that one who
does not know just how far off is the goal, thinks he is about to
reach it, while he is mounting the rocky summit of some height
facing it. But once scaled, a new valley opens unexpectedly to
view. One must descend with care. After a fatiguing walk of
several hours he finds himself perhaps no higher than when he
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But the time and labor have not been wasted, since even if the
summit seems now more distant, in the enlarged horizon, in
reality we have come nearer to our goal by surmounting an
obstacle which had concealed it. We must not then lose courage,
nor give up in a moment of weakness.”
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Chapter1
Introduction
In Classical Greece symmetry was perceived as synonymous to harmony and beauty, while
Plato considered it to be a foundational property of the cosmos1. Its acknowledgement in
classical and modern physics gives rise to fundamental conservation laws2 and its presence
elucidates the properties of elementary particles3 and governs the assembly of atoms into
crystals4, while the role of symmetry breaking5,6 has proven paramount in our attempts to
understand the laws of our universe. Symmetry exists at every level of organisation in the
physical environment that surrounds us.
Symmetry considerations in structures featuring prominent constitutional elements with
dimensions comparable to the wavelength of light can interpret their often striking optical
response. In particular, the co-existence of translational symmetry with other invariant sym-
metry transformations, or its absence, can give rise to structures with a periodic or aperiodic
modulation of their refractive index, known as photonic crystals or quasicrystals respectively.
The theory describing the properties of photonic crystals and their interaction with light is the
topic of Chapter 2, Optical Properties of Photonic Crystals. In particular it is signified through
simulations that parameters such as the geometry and refractive index contrast of these struc-
tures define their fundamental optical properties. It is also shown that symmetry breaking can
enhance optical properties by lifting degeneracies inherent to each assembly geometry, leading
to a wealth of current and potential applications.
Due to the characteristic length of the structural elements featured by these systems, it
becomes necessary to employ nanotechnology techniques for their fabrication and characteri-
sation. An overview of the most important methods available for the fabrication and direct
or indirect characterisation of 3-D photonic crystals is presented in Chapter 3, Fabrication and
Characterisation Methods of Photonic Crystals, stressing their strengths and limitations. Fabrication
methods are divided into two main categories, depending on whether they rely on lithographic
or self-assembly based techniques. Anisotropy can be an inherent feature of structures fabri-
cated through lithography7 and sequential assembly and these structures are well defined, but
their potential for miniaturisation limited. Self-assembly on the other hand earns its credentials
as the fabrication method utilised by nature, but anisotropic features are usually dominated by
the symmetry limitations of the constituent units and the fundamental principles governing
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their spontaneous assembly. As a result, breaking the preferred symmetry of such systems
can be difficult. This becomes of even greater importance when considering the low refractive
index contrasts often achievable in biomimetic, self-assembly based fabrication approaches of
polymeric photonic structures.
In order to overcome these restrictions, a fabrication method8 (Edge-Induced Rotational
Shearing) based on the shear induced self-assembly of '200 nm monodisperse polymer spheres
with a core-shell structure has been employed and the sequence of required fabrication steps is
described in Chapter 4, Fabrication of Photonic Crystals on a Large-scale: The EIRS Method. The
basic geometry of these composite arrangements of spheres mimics the structures observed
in natural occurring systems such as opals9 and weevils10, featuring hexagonal lattices of
close packed hard spheres ('250 nm), responsible for their striking structural colour effects.
In order to extract more information regarding the microstructural order and orientation of
fabricated structures, crucially defining their properties, optical microscopy of cross-sections,
microscope-based spectroscopy and light diffraction experiments have been performed, with
the results also presented in Chapter 4.
A crucial advantage of Edge-Induced Rotational Shearing is its significant potential for large-
scale fabrication, an avenue explored through industrially produced samples with increased
dimensions and uniformity at the facilities of our collaborators at DKI in Germany. The
core experiments performed as part of the work presented here are based on such samples
and results from a preliminary characterisation of their optical properties and comparison of
different production batches are presented in the end of Chapter 4.
Due to the fact that for structures fabricated through Edge-Induced Rotational Shearing the
non-close-packed hard cores are embedded in an elastomeric matrix, the separation between
crystallographic planes can be altered through the application of external mechanical stimuli,
effectively making systems based on these structures tuneable. Even though photonic structures,
featuring both tuneable structural colour11,12,13 and optically anisotropic components14,15, can
be found in nature, here it is proposed that it is the application of external stimuli that can
break the initial symmetry of the fabricated composite systems, giving rise to additional optical
effects.
In order to further explore these properties, fabricated structures have been subjected to a
simple uniaxial extension. According to Curie’s Principle16, “when certain causes lead to certain
effects, the symmetry elements of the causes should be observed in these effects.”. Deformed
structures are expected therefore to adopt a lower symmetry, defined by the symmetry elements
common to the individual undeformed structures and the externally applied stimuli. As a
result, an anisotropic optomechanical response is predicted for these structures under applied
strain.
This dependence of the combined optical and mechanical properties on the direction of
uniaxial extension is initially explored for directions coinciding with principal axes, as set
by the highly directional fabrication procedure and this is the topic of Chapter 5, Uniaxial
Extension Along Principal Directions. The full optomechanical response of samples has been
recorded through synchronised measurements, with the details of the experimental method
and apparatus used described in detail. Microscope-based spectroscopy experiments are
3performed under both light reflection and transmission geometries. Results are compared
to predictions by a theoretical model, that approximates experiments through a suggested
structural transformation of an fcc close-packed assembly of hard spheres to a lower symmetry
lattice, under uniaxial strain at different principal directions17. Measurements under light
transmission probe the bulk volume of fabricated structures, revealing additional information
regarding their microstructural order. This is significant due to the dual microstructure
featured by these samples, consisting of hard polymer spheres interconnected by a network
of interweaving polymer chains, with characteristic lengthscales differing by an order of
magnitude for the two different microstructures.
In Chapter 6, Uniaxial Extension Along Non-principal Directions uniaxial extension experiments
probing the optomechanical response of fabricated structures are extended to non-principal
directions. This approach allows us to extract more information regarding the individual
symmetry of the dual microstructure present and the extent to which this duality affects
coupled optical and mechanical properties. Experimental results are also compared to the
predictions of a more detailed micromechanical model, that assumes a non-close-packed fcc
structure of rigid spheres in a matrix modelled as a neo-Hookean solid. Predictions on optical
properties are made in accordance to light diffraction principles for the symmetry adopted by
the strained periodic arrangement of spheres.
In Chapter 7, Effect of Crosslinking Density on Optomechanical Anisotropy the specific contri-
bution of the polymer matrix directly to mechanical and indirectly to optical properties has
been explored further by selectively increasing its crosslinking density and performing the
same uniaxial extension experiments. Additionally, the effect of crosslinking density on the
optomechanical properties of these structures is crucial for potential applications18, partially
due to its association with increased stability and durability. Finally concluding remarks and
possible future work are presented in Chapter 8, Conclusions and Future Work.
Exploring the anisotropic optomechanical properties of nanoengineered polymer photonic
crystals is a worthwhile pursuit on the grounds of three main points.
Firstly, considering that symmetry in photonic crystals is reflected in the structure of their
photonic bands, strain-induced symmetry breaking can result in new optical properties. This
is demonstrated in the context of this work through the appearance of additional resonant
peaks in spectroscopic measurements of deformed samples and is especially important when
considering that self-assembled nanostructures are restricted by fundamental principles to
preferential geometries. The inherently low refractive index contrast featured by these polymeric
systems may forbid the development of full photonic band gaps but symmetry based principles
can be transferable to other structures with similar topological restrictions.
Secondly, due to lack of crosslinking the application of even a simple uniaxial strain allows
for information to be extracted regarding the ordering process in these systems. This is of
paramount importance since the presence of inherent disorder in opaline photonic crystals
greatly affects their optical properties and limits their applications.
A third point is the potential applications of such systems. These include but are not
limited to the detection of localised strain by a simple inspection, due to colour changing effects
in either real systems where polymer based photonic crystals have been implemented or in
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model structures fabricated exclusively by nanoengineered polymer photonic crystals. Further
applications would include their utilisation as security features in bank notes, credit cards,
brand labels and official documents, offering instant identification through the presence of
dynamic colour effects. An overview of potential applications of such systems is presented in
the end of Chapter 2, Optical Properties of Photonic Crystals.
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Chapter2
Optical Properties of Photonic Crystals
2.1 Introduction
Photonic crystals are materials that demonstrate a periodic variation of their refractive index in
one, two or three dimensions (Fig. 2.1). Electromagnetic waves, with wavelengths comparable to
the length scale of the periodicity, will interfere constructively or destructively, due to scattering
at the interfaces of regions with different refractive indices, resulting in attenuated or amplified
radiation, depending on the frequency and direction of incidence.
Figure 2.1 Schematic representation of the refractive index periodic modulation in 1-, 2- and 3-dimensional photonic
crystals. Different colours represent materials with different refractive indices.
This effect has been observed in natural occurring structures1,2,3,4,5, that have a microstruc-
ture with periodic features comparable to the wavelength of visible light and so demonstrate
structural colour and iridescence effects, when illuminated with a white light source.
Careful selection of the parameters that govern the properties of photonic crystals, such as
the amplitude of the refractive index modulation, as well as the topology and symmetry of
the crystal lattice, can give rise to frequency intervals where light propagation is completely
forbidden, regardless of the direction of incidence. These omnidirectional spectral regions are
known as photonic band gaps (PBG) and can only appear in 3-D photonic crystals, making
the realization of such structures very appealing, but their fabrication, more than two decades
after their initial proposal6,7, still remains a challenge. If forbidden frequency regions do not
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correspond to the same range for all directions, a full PBG will not be present, but instead
light propagation is forbidden for selective wavelengths in specific directions only, with these
frequency regions known as pseudogaps.
In this chapter a brief introduction to the theoretical framework describing the optical
properties of photonic crystals is given. We start by expressing Maxwell’s equations in a
periodic medium, leading through the plane wave expansion method to the theory of photonic
bands. The effect of topology, symmetry and refractive index contrast in PBGs is further
explored and the chapter closes with a short presentation of current and potential future
applications of photonic crystals, providing the motivation for their study.
2.2 Band Gaps in Photonic Crystals
In order to understand the optical properties of photonic crystals we have to consider the
frequency dependence of their response to electromagnetic waves, expressed in the form of
a dispersion relation. Most of the formalism used in the extraction of this relation has been
borrowed from the analogous model describing the dispersion of electrons in the periodic
potential of a crystalline solid. As a result the dispersion relations of electromagnetic waves
are termed as photonic bands, in accordance to electronic bands. Calculation of the photonic
bands of photonic crystals has been a valuable tool, since it can allow predictions of the optical
properties of structures with different combinations of dielectric constant contrast and geometry,
before taking the potentially time consuming step of fabrication and characterisation. A short
review of the most common approach used for the calculation of the photonic bands will be
described, with more detailed derivation provided in relevant textbooks8,9.
We start by expressing Maxwell’s equations simplified for a non-magnetic, linear, isotropic
and lossless dielectric medium with a frequency independent dielectric constant:
∇ ·H(r, t) = 0 ∇× E(r, t) = −1
c
∂H(r, t)
∂t
∇ · e(r)E(r, t) = 0 ∇×H(r, t) = 1
c
e(r)
∂E(r, t)
∂t
(2.1)
Taking into account the linear nature of Maxwell’s equations we can separate the spatial and
time dependent parts of the solutions, by writing both H(r, t) and E(r, t) as a product of a time
dependent harmonic factor eiωt and a time independent spatial term, as:
E(r, t) = e−iωtE(r) H(r, t) = e−iωtH(r) (2.2)
By substituting Eq. (2.2) into Eq. (2.1) we end up with a new set of equations that have only a
spatial dependence:
∇ ·H(r) = 0 ∇× E(r) = − iω
c
H(r)
∇ · e(r)E(r) = 0 ∇×H(r) = iω
c
e(r)E(r) = 0
(2.3)
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Combining Eq. (2.3) results in a dispersive wave equation, describing the eigenmodes of the
magnetic field:
∇×
[
1
e(r)
∇×H(r)
]
=
(
ω
c
)2
H(r) (2.4)
The choice to express this eigenvalue problem in relation to the eigenvectors of the magnetic,
rather than the electric field, simplifies the problem, since the operator acting on H(r) is
Hermitian, corresponding to real eigenvalues and orthogonal eigenvectors as solutions.
Due to the spatial periodicity of the dielectric constant e(r), Bloch’s theorem can be applied,
in analogy to the case of electrons in the presence of a periodic array of atoms in an ordinary
crystal. Eigenvectors H(r) can then be expressed as the product of a plane wave with a function
that has the periodicity of the crystal lattice:
H(r) = ukn (r) eik·r (2.5)
where k is a wavevector in the first Brillouin zone and ukn (r+R) = ukn (r) applies for all
lattice vectors R. Expressing all the solutions in the first Brillouin zone folds the dispersion
into bands labeled with an index n.
Because e(r) and H(r) are periodic functions, they can be expanded in a Fourier series over
reciprocal lattice vectors G:
1
e(r)
=∑
G
ηG eiG·r H (r) =∑
G
αkG e
i(k+G)·r (2.6)
Substituting with Eq. (2.6) and solving differential equation (2.4) generates an infinite matrix
eigenvalue problem. In practice, the numerical calculation is extended to a sufficiently large
number N of plane waves, for each one of which an eigenvalue problem needs to be solved for
all k. Obtaining the dispersion relation and the corresponding band diagram of a photonic
crystal structure is then reduced to the diagonalization of a 2N × 2N matrix, where the factor
of two is introduced due to the two different polarizations. This approach of solving Eq. (2.4)
by expanding the dielectric function and the electromagnetic field in a series of plane waves, is
known as the plane wave expansion method (PWEM).
One of the disadvantages of the PWEM is the processing time required, which for the
matrix diagonalization problem is proportional to the cube of the matrix dimension
(
∼ N3
)
,
with N required to take large values for increased accuracy. Also PWEM can show less than
ideal convergence for certain geometries that include large amplitude discontinuities in the
dielectric constant10. Results can be improved by other approaches such as the Korringa-Kohn-
Rostoker (KKR) method, which constructs the expansion of the periodic functions in terms of
spherical rather than plane waves11,12, but this method is limited to geometries with spherical
or cylindrical symmetry.
The PWEM can be simplified by ignoring the vectorial nature of the problem, in which case
approximate analytical solutions can be obtained with the scalar wave approximation (SWA)
method showing good agreement with PWEM for low refractive index contrast systems, but the
method is limited to describing dispersion relations only for high symmetry crystallographic
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directions.
The way that in photonic crystals the linear dispersion relationship, normally expected for
optically homogeneous materials, breakes into bands, can be predicted by PWEM calculations
for different geometries and refractive indices, with the main objective being the optimization
of a PBG. The key parameter that controls the width of the PBG is the refractive index contrast
in the unit cell of the photonic crystal, while its position is governed by the effective refractive
index of the structure. On the other hand, the geometry of the periodic modulation, described
by both the symmetry of the lattice and the topology of its constituent units, can prevent or
promote the existence of a full PBG. A crystal lattice geometry with a directionally isotropic
Brillouin zone is preferable, since restricted propagation of modes in one direction could lead
to a full PBG, due to the equivalence of other directions. Structures based on fcc crystal lattices
have been suggested as good photonic crystal candidates, since their first Brillouin zone, having
the shape of a truncated octahedron, approximates that of a sphere.
Figure 2.2 Photonic band diagrams of systems with different crystal structure and dielectric constant contrast: a, Non
close packed
(
f =0.45
)
fcc structure of spheres (e=2.43), embedded in a dielectric matrix (e=2.13). Pseudogap along
α/λ direction denoted with a red band. b, Closed packed ( f =0.74) fcc crystal structure of dielectric spheres (e=11.56)
in air. Pseudogap along ΓL direction denoted with a red band. c, Dielectric spheres (e=11.56) in air, organized in a
diamond crystal structure. PBG denoted with a red band. d, Diagram of a truncated octahedron corresponding to the
first Brillouin zone of an fcc crystal lattice, with all the symmetry points and relative directions denoted.
The band diagram, for the 15 first bands, of a non close packed fcc lattice with packing
density of 45%, consisting of spheres with e = 2.43*, embedded in a matrix medium with
e=2.13, has been calculated using the MIT Photonic-Bands package13 and is shown in Fig. 2.2a,
*The refractive index n of a non-magnetic medium is related to its dielectric constant e through the relation
n =
√
e.
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for the wave vectors connecting high symmetry points of the first Brillouin zone (Fig. 2.2d).
The vertical axis represents frequency in reduced units of α/λ, where α is the lattice parameter
and λ the wavelength of light in vacuum. The absence of a fundamental length scale in Eq. (2.1)
makes this eigenvalue problem scalable, with a change in the lattice parameter corresponding
to an adjustment in the frequency of the modes, so that the value of ωα/2pic remains fixed. A
range of forbidden frequencies appears along the ΓL direction, perpendicular to (111) planes,
for a reduced frequency α/λ=0.57, corresponding to a very small pseudogap, with a gap to
midgap ratio of only 2%. Most of the content of this thesis is based on features and properties
observed on structures with this geometry and dielectric constant contrast.
A closed packed fcc structure of higher dielectric constant (e=11.56) spheres in air, shows
an increase in the ΓL pseudogap width of ∼ 5% (Fig. 2.2b), but even at this refractive index
contrast it does not support a full PBG. The pseudogap in the ΓL direction appears now at
reduced frequency α/λ= 0.33 corresponding to the change in the effective refractive index.
Further calculations of fcc based structures have shown that this geometry cannot support a
full PBG, regardless of refractive index contrast, but structures based on inverted fcc lattices of
interpenetrating spheres have been shown to have a full PBG10 for refractive index contrast
larger than 2.8, although the width of the PBG remains limited to ∼ 5%.
Reducing the symmetry of the structure by introducing a different geometry for the unit cell
or changing the topology of its constituent units, can have as a result the lifting of degeneracies
in the system, leading to a full PBG, assuming the presence of a high enough refractive index
contrast. This is shown in Fig. 2.2c, where the same dielectric constant contrast as before has
been maintained, but the symmetry of the fcc lattice has been broken by replacing each lattice
point with a motif of two spheres separated by a distance equal to 1/4 of the fcc unit cell
diagonal, giving rise to a diamond lattice based structure of dielectric spheres (e=11.56) in
air. The presence of a full PBG is marked red in the band diagram of Fig. 2.2c, appearing at
reduced frequency α/λ=0.42 with width ∼ 11%. It has been shown14 that photonic crystals
based on a diamond lattice can demonstrate a full PBG for a refractive index contrast as low as
1.9. Structures based on a lattice with a diamond-like symmetry, such as Yablonovite15 and
woodpile structures16 or other members of the Fd3¯m space group can also demonstrate a full
PBG17,18.
2.3 Diffraction of Light by Photonic Crystals
Despite the advantages of building a photonic crystal structure based on constituent elements
with high refractive index contrast, giving rise to complete PBGs, the increased scattering rates
between the different refractive index interfaces result in greater losses. As can be seen in
Fig. 2.2, close to the origin Γ, where k→ 0 or λ→ ∞, the bands remain linear and the system
behaves as an effective medium with refractive index n, where ω = (c/n) k. For systems with
low refractive index contrast this approximation can be extended, since bands can preserve
their linear nature closer to the points that PBGs appear, as can be seen for the first two bands
in the ΓL direction, in Fig. 2.2a. For increased refractive index contrast (Fig. 2.2b, Fig. 2.2c),
the dispersion curves become non linear and finally flatten at the edges of the Brillouin zone,
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where full PBGs appear. In the regime of low refractive index, Bragg’s law formalism can
be combined with the concept of an effective refractive index in order to describe the optical
properties of these systems.
Figure 2.3 Ewald construction. a, For an incident wave vector k and reflected wave vector k′ only reciprocal lattice
points on the surface of the small sphere will satisfy the Laue criterion. For a continuous range of wavelengths,
corresponding to wave vectors between k and ke these points will be contained within the volume between the two
respective Ewald spheres (blue area). b, Vector diagram of incident (k) and reflected (k′) wave vectors, satisfying the
Laue condition. The incident angle is I, in respect to the normal at the plane of the crystal (dashed line).
According to the Laue formulation of diffraction by a crystal19, diffraction reflections are
observed when the change in wave vector between the incoming (k) and reflected (k′) wave
vectors is equal to one reciprocal lattice vector K. This is visualized in the Ewald construction
(Fig. 2.3a), where a sphere of radius k is drawn about k and passing through the origin O. For
every reciprocal lattice point on the surface of the Ewald sphere the diffraction condition will
be satisfied. Assuming a fixed direction, but different wavelengths for the incident radiation,
would result in a series of Ewald spheres with different radii, covering the space between the
two spheres about k and ke, with all the reciprocal lattice points in this volume (blue in figure)
satisfying the condition for diffraction.
Considering the Laue formulation for the incident wave vector (k), when forming an angle
of incidence θ with a set of lattice planes (hkl) (Fig. 2.3b) and assuming elastic scattering, the
magnitude of incoming and reflected vectors will be equal and K will be parallel to the bisector
of the angle between k and k′, resulting in |K| = 2 |k| sin θ. Since K is a reciprocal lattice vector,
its magnitude will be 2pi/dhkl , where dhkl is the interplanar distance of crystal lattice planes
(hkl) perpendicular to K. As a result, considering only first order diffraction, we can write:
|k| sin θ = pi
dhkl
. (2.7)
For a photonic crystal with a low refractive index contrast, assuming a linear dispersion
relationship ω(k), the wave vector inside the crystal will be k = 2pine f f /λ where ne f f is
the effective refractive index of the system. Substituting in Eq. (2.7) gives the commonly
used Bragg formulation, which by considering refraction at the surface of the crystal and the
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complementarity of angles in Bragg’s (θ) and Snell’s (I) law, takes the form:
λhkl = 2dhkl
√
(n2e f f − sin2 I). (2.8)
2.3.1 Effective Refractive Index Approximation
In order to calculate the effective refractive index used in Eq. (2.8), an effective medium
approximation can be adopted20. A most basic approximation method would be based on the
simple volume averaging of the refractive indices corresponding to the different components
of the system. A more elaborate approach for the calculation of an effective refractive index,
treating the effective medium as a composite system of small spherical inclusions (es) with
packing fraction η, embedded in a matrix medium (em), results in the Maxwell-Garnett
formula21:
e = em
(
2em + es + 2η (es − em)
2em + es − η (es − em)
)
(2.9)
Comparison of this method with an approximation of the PWEM for long wavelengths22, shows
good agreement of effective refractive index calculations, for low packing fractions (< 0.55),
but agreement is poor for higher values of η.
Assuming a system with low refractive index contrast, calculations using a volume averaging
method, seem to agree well with results extracted from the Maxwell-Garnett formula. This is
shown in Fig. 2.4a, where the dependence of the effective refractive index on volume fraction
has been calculated, with both methods, for a two component system of spheres (es = 2.43) in
a matrix medium (em = 2.13). Most of the photonic crystal structures studied in the context of
this thesis, match this geometry and dielectric properties for η ' 0.45, suggesting that a value
of ne f f = 1.50, would be a good approximation for these structures.
Figure 2.4 Effective refractive index calculation. a, Comparison of effective refractive index calculation by Maxwell-
Garnett and volume average methods, for a low refractive index contrast system of of spheres (ns = 1.56) in a matrix
medium (nm = 1.46), as a function of filling ratio η. b, Same calculation for a high refractive index contrast system of
dielectric spheres (ns = 3.46) in air, with the two methods showing poor agreement.
Comparing the results of the two methods for a higher refractive index contrast system
(Fig. 2.4b), consisting of dielectric spheres (es = 12) in air, reveals poor convergence, suggesting
that in this regime calculation of effective refractive index by volume averaging is not an
effective approximation.
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2.3.2 Calculation of Structure Factors
According to Eq. (2.8) non-zero intensity of scattered radiation is predicted for any combination
of incident and reflected wave vectors satisfying Laue’s condition. This approach is not sufficient
when considering crystals with an internal structure of different symmetry within their unit
cell. In that case, the total intensity of scattered radiation (Is) will be dependent on a term due
to an external interference effect from all the unit cells composing the crystal lattice (Ie), as well
as an additional term, due to an internal interference effect, dependent on the arrangement
of atoms in the unit cell. The external interference effect leads to zero intensity, except for
the case that the Laue condition is satisfied, in accordance to the previous description. The
complex amplitude scattered by internal interference in one unit cell, can be represented by the
structure factor of the crystal (F), so that23:
Is = IeF2, where F2 = F · F∗ (2.10)
Assuming that k and k′ are the incident and scattered wave vectors respectively and rn the
vector to the nth atom in a crystal’s unit cell, the structure factor will be:
F =∑
n
fnei(k
′−k)·rn (2.11)
The term fn corresponds to scattering from the fundamental units of the crystal, whether
these are atoms on the lattice of a crystalline solid or spheres forming a colloidal assembly.
Considering that if diffraction conditions are to be satisfied, then k′ − k = K, where K is a
reciprocal lattice vector, Eq. (2.11) can take the form:
F =∑
n
fneiK·rn (2.12)
Finally, substituting rn = xna + ynb + znc, where a, b, c are the direct lattice vectors and
expressing K in terms of the reciprocal lattice vectors, so that K = ha∗ + kb∗ + lc∗, Eq. (2.12)
can be written as:
Fhkl =
N
∑
n=1
fne2pii(hxn+kyn+lzn) (2.13)
The structure factor can then be calculated by knowing the magnitude of the individual
scattering factors and co-ordinates of the N different elements in the unit cell of the crystal.
Special Case: The fcc Unit Cell
The conventional unit cell of a fcc lattice with one atom per lattice site is shown in Fig. 2.5a. The
lattice vectors an, bn and cn define a cubic unit cell, with lattice parameter a = |an| = |bn| = |cn|,
constructed with eight lattice points at the corners of the cube and one lattice point at the
middle of every face, totaling therefore four atoms per unit cell24.
Alternatively, a non cubic symmetry can be adopted and the fcc crystal lattice can be
described by a primitive unit cell, having one quarter of the size of the conventional unit cell,
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Figure 2.5 Conventional and primitive unit cells of the fcc lattice. a, Conventional unit cell of the fcc lattice with lattice
sites at the corners and faces of a cube, defined by the lattice vectors an, bn and cn. b, Primitive unit cell of the fcc
lattice, defined in the limits of the conventional unit cell. The primitive unit cell lattice sites (orange) occupy the corners of
a rhombohedron, defined by lattice vectors a0, b0 and c0, arranged at a 60° angle in respect to each other.
since it contains only four lattice points, as shown in Fig. 2.5b. The lattice sites of the primitive
unit cell (orange in Fig. 2.5b) form a set of equipoints, that when expressed in the conventional
unit cell basis, have coordinates 0, 0, 0; 12 ,
1
2 , 0;
1
2 , 0,
1
2 and 0,
1
2 ,
1
2 . These points occupy the corners
of a rhombohedron, defined by lattice vectors a0, b0 and c0, arranged at a 60° angle in respect
to each other.
Applying Eq. (2.13), in order to calculate the structure factor for this geometry, gives:
Fhkl = f (e0 + epii(h+k) + epii(h+l) + epii(k+l))
=
4 f when h, k, l unmixed parity0 when h, k, l mixed parity (2.14)
This results in systematic absences of reflections from planes defined with Miller indices that
have mixed parity (combination of even and odd indices), while reflections from lattice planes
with Miller indices of unmixed parity (indices are all even or all odd) will be amplified by a
factor of 16, compared to the scattering intensity of a single atom. These systematic absences are
common for all crystals in the Fm3¯m space group and this effect can be used in crystallography
in order to identify the correct lattice type of an unknown crystal structure25.
The wavelength of the observed reflections will be dependent on the interplanar distance of
the corresponding crystallographic planes, as described in Eq. (2.8). In the particular case of
the fcc crystal lattice, considering its cubic symmetry, when referred to the conventional unit
cell, the distance dhkl between adjacent crystal planes (hkl) will be given by the equation:
dhkl =
a√
h2 + k2 + l2
. (2.15)
A more detailed description of general crystallographic computations, including derivation
of Eq. (2.15) can be found in relevant textbooks19,25,26.
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2.4 Applications of Photonic Crystals
The significant potential applications of photonic crystals with a full PBG were realised early
on, even before the actual establishment of the term "photonic crystal"6,7. For example, it was
suggested that the possible overlap of a PBG with the electronic band edge of a direct gap
semiconductor can result in the inhibition of radiative electron-hole recombination7, leading
to very low threshold lasers28. Similarly, the effect of photonic crystals on the spontaneous
emission rate of light sources that are placed inside them29,30, can result in inhibiting or
enhancing spontaneous emission, giving rise to more efficient light emitting diodes (LEDs)31
and solar cells32,33. Alternatively, the accommodation of two dimensional photonic crystals in
LEDs can provide an effective method for the extraction of light trapped in the device, due to
total internal reflection from the use of high refractive index semiconductors, without affecting
the characteristics of spontaneous emission34.
More obvious applications of photonic crystals with a complete PBG would include their
function as three dimensional mirrors or more conventionally they can be used as optical
components35, such as fibers36 and polarising beam splitters35, while non linear photonic crystal
fibers have found applications in supercontinuum generation37. The selective introduction of
linear defects in a material with a full PBG allows light in the band gap frequency to propagate
only along the defects, which are acting as waveguides, providing tight manipulation of light
that can be guided even around sharp corners38. Ultimately photonic crystals can provide
the means for fabricating all optical computers39 with increased processing speed, larger
input-output bandwidths and improved energy efficiency.
Despite the impressive predicted and demonstrated applications of photonic crystals with
complete PBGs, structures facilitating a pseudo gap, either by design or due to the effect
of undesirable defects during fabrication, have shown great potential when implemented in
devices. The vast majority of these structures, when fabricated in three dimensions, rely mostly
on the strong diffraction effect of colloidal spheres that have been regularly arranged in a crystal
lattice, while embedded in a usually polymer matrix that provides support and mechanical
stability. The matrix material can be functionalised, so that it reacts to appropriate stimuli
depending on the targeted application, reversibly changing the interplanar distance in the
crystal lattice and leading to consequent variations in the diffracted wavelengths, as predicted
by Eq. (2.15) for a fcc crystal lattice.
This basic principle has been employed for fabricating sensors responding to tempera-
ture40,41, mechanical deformation42, electric43 and magnetic44 fields, pH variations45,46, hu-
midity47, pesticides48, ionic species49,50,51, glucose52 and organic solvents53. Similarly, external
triggering can alter the refractive index contrast of a responsive photonic crystal leading to
thermochromic54,55 and photochromic56,57 materials. Other practical applications incorporating
these basic concepts include monitoring fatigue phenomena in steel structures58, colour fin-
gerprinting59, flexible and tuneable colloidal crystal lasers60,61, anti-counterfeiting technology,
optical data storage62 and full colour displays63. In that case, an applied electric field controls
solvent influx to a metallopolymeric network, supporting a colloidal crystal that by swelling
and contracting can reproduce red, green and blue (RGB) colour hues.
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2.5 Conclusion
In this chapter the underlying theory describing the optical properties of photonic crystals has
been presented and through that the concept of PBGs introduced. The dependence of a PBG’s
existence and attributes on factors such as the refractive index contrast, the volume fraction, the
topology of the photonic crystal’s constituent units and its overall symmetry is demonstrated
for representative structures using the PWEM. The importance of structural symmetry, as
described by the geometric structure factor, is emphasised, as we consider how symmetry
breaking can enhance the properties of photonic crystals. This leads to the identification of
the main objectives for the design of photonic crystals with complete PBGs, as structures with
relatively high refractive index contrast (& 1.9) and Fd3¯m symmetry14.
For small refractive index contrasts the optical response of photonic crystals can be approxi-
mated by a modified Bragg’s law, that incorporates the notion of an effective refractive index.
Its value for the fcc based structures studied in the context of this thesis has been estimated
(ne f f = 1.50) and the restrictions implemented to geometrical structure factors due to symmetry
considerations, have been extracted through calculations.
An overview of the applications of photonic crystals reveals the existence of an extended
gamut of implementations in corresponding photonic devices with diverse characteristics,
signifying the necessity for equally diverse fabrication methods, which are going to be discussed
in Chapter 3, Fabrication and Characterisation Methods of Photonic Crystals.
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Chapter3
Fabrication and Characterisation
Methods of Photonic Crystals
3.1 Introduction
The theory describing and predicting the optical properties of photonic crystals is well under-
stood and their applications show tremendous potential. Despite that fact, development of a
low cost, large-scale fabrication method, that can provide well ordered photonic crystals, with
high dielectric constant contrast and a geometry suitable to facilitate a large full photonic band
gap in optical or near-infrared frequencies, has been a challenge. An overview of the most no-
table techniques is presented here, with more details available in relevant review articles1,2,3,4,5.
The chapter closes with an overview of techniques used for the characterisation of opaline
photonic crystals, with methods and experimental setups utilised in the work described here
presented in greater detail.
3.2 Lithography and Sequential Assembly
Traditional lithographic techniques have been applied to photonic crystal fabrication, borrowed
from the microelectronics industry, where they have established their value. They adopt a
top-down approach producing almost perfect structures and if required, individual defects can
be introduced with great accuracy6. They are also based on semiconductor materials with large
dielectric constants, but on the other hand their nature is inherently planar, production costs
are high and fabrication has been focused on structures with band gaps in the infrared region
(1.3 and 1.5 µm). This is partly because of the apparent appeal for the telecommunications
industry and partly because further miniaturisation, required for operation in the visible, has
proven to be difficult. Holographic lithography manages to address many of these issues, but
is limited by the resolution and refractive index of available photoresists.
Sequential assembly follows a bottom up approach, where the components of the structure
have to be assembled one by one, in a layer by layer fashion or through micromanipulation.
It is a method that offers an increased level of control in the assembly process, but being of a
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highly serial nature, it requires large fabrication times and the precise alignment of constituent
elements can be challenging.
Figure 3.1 Fabrication of photonic crystals through sequential assembly: a, Silica spheres, with a diameter of 0.9 µm,
assembled by direct micromanipulation in a four-layer diamond lattice, as seen along a {111} crystallographic direction,
tilted by 30°. The scalebar is 5.0 µm. b, SEM image of a bi-chiral photonic crystal, fabricated by multiphoton lithography in
SU-8 photoresist. c, SEM image of a gallium arsenide woodpile structure, featuring 24 individual layers, stacked together
through the use of direct micromanipulation. Each individual layer has been fabricated by metal-organic chemical vapour
deposition (MOCVD). d, Focused ion beam milled cross-section of a 24-layer TiO2 woodpile structure, fabricated by
direct ink writing and sol-gel chemistry. e, Controlled introduction of defects in a silicon inverse opal of 725 nm spheres,
using direct laser writing. The scalebar is 1 µm. f, SEM image of the cross-section of a silicon square spiral structure
fabricated with GLAD, showing the degradation in quality as the number of vertical periods is increased. Images taken
from Ref. [7], [2], [8], [9], [10] and [11] respectively.
Representative realisations of lithography and sequential assembly based fabrication meth-
ods are shown in Fig. 3.1.
3.2.1 Conventional Lithographic Techniques
Traditional planar lithographic techniques can be used for fabricating three dimensional pho-
tonic crystals, through the use of a layer by layer method, incorporating repeated serial steps of
photo- or e-beam lithography, etching, back-filling, planarizing and controlled growth12. The
inherent two dimensional nature of the individual steps introduces limits to the geometries that
can be realised, with woodpile structures† being very suitable13, as they demonstrate PBGs in
the visible area of the electromagnetic spectrum14,15. Different approaches, still based on layers
of two dimensional patterns, such as alternating layers of dielectric cylinders in air and holes in
a dielectric, have also been demonstrated16. Alternatively, the layers of the woodpile structure
can be fabricated individually from a III-V semiconductor substrate and then optically aligned
and assembled by wafer fusion to a 3-D structure17.
In a different approach, based on deep x-ray lithography, an x-ray absorbing material
†Assemblies of parallel rods, stacked with alternating orthogonal orientations are known as “woodpile” struc-
tures.
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is deposited on a thin x-ray transparent membrane that acts as a mask. An x-ray sensitive
resist is exposed to a synchrotron light source through a tilted mask geometry. Following
a series of exposure steps, with the mask rotated after every successive exposure, a three
cylinder18, Yablonovite19 or similar diamond based structure20 can be developed. This can act
as a template for replicating the structure in a high refractive index dielectric material or metal,
through the use of a sol gel or electrodeposition technique, in order for the refractive index
contrast to be increased and a full PBG to be achieved. Careful choice of the substrate beam
geometry can further reduce the exposure steps and simplify the process21.
Other techniques consist of a combination of photolithography or electron beam lithographic
pre-structuring, followed by a series of wet etching steps. Photonic crystals with cubic symmetry
have been fabricated from macroporous silicon22 this way, by controlling the size of the pores
through the applied current and illumination during etching. In other realizations a dry etching
approach has been adopted, with angled ion beam etching and double angled reactive ion
etching used to fabricate structures with cubic23 and diamond24 based geometry respectively,
demonstrating a full PBG in the infrared region.
3.2.2 Holographic Lithography and Phase Mask Lithography
In holographic lithography the interference of multiple sources of coherent light is used in
order to create a holographic pattern into a photosensitive polymer. Upon development
of the photoresist, a structure presenting the main features introduced by the hologram is
created. The dimensionality of this structure is directly related to the number of coherent beams
necessary, with a minimum of n+1 beams required for creating an n-dimensional structure.
The method initially demonstrated the fabrication of two dimensional photonic crystals25, but
was soon extended to three dimensions, increasing the number of coherent beams to four26.
Holographic lithography shows promise for large-scale production and fabrication of 3-D
structures at high resolution27, limited only by the wavelength of the employed coherent light
source. Unfortunately the refractive index of the most common polymers used is not high
enough for the manifestation of a complete PBG under most geometries28. Therefore the
developed photoresists are either used as templates29, or infiltrated with a high refractive index
material30, leading to structures with higher dielectric constant contrast, depending on the
quality of the infiltration and the material used31. Selecting appropriate values for parameters
such as the intensity, polarization and relative angle of the beams is critical, in order to produce
a geometry with potential for a full PBG32.
Phase mask lithography can be an alternative to holographic lithography, removing the
need for complicated and cumbersome optical setups, since the interference pattern is created
by a phase mask, rather than from multiple beams. Initially a photolithographic technique is
used in order to create a master, which is consequently used for the fabrication of an elastomeric
phase mask. This mask is placed on the surface of a resist and following illumination with UV
light, produces a pattern of a varying intensity distribution on the material33. Alternatively, the
first step can be omitted, through a proximity field nanopatterning technique34, with the photo
resist also acting as a phase mask, due to a molded relief pattern embossed on its surface,
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further simplifying the process.
3.2.3 Direct Writing
Direct writing techniques consist of the straightforward transfer of a computer aided designed
pattern to an appropriate target material. In direct laser writing, tightly focused pulses from an
ultrafast laser illuminate a photoresist that is transparent to the wavelength of the light source. If
the intensity of the radiation at the focal volume is high enough, non linear optical effects can be
promoted and the material is locally polymerised through two-31 or multiphoton35 absorption.
Geometries supporting a full PBG have been demonstrated36, but since the commonly used
photoresistive materials do not provide a high enough dielectric constant contrast, a replication
step in the fabrication procedure is required37. Selection of an appropriate material for exposure,
such as a chalcogenide glass38, can result in a high refractive index contrast structure, without
the necessity for the introduction of additional steps39. Variations of the technique, inspired
from stimulated emission depletion microscopy (STED), can further limit the active region of
the focal volume, by introducing an additional laser beam that inhibits polymerization through
the rapid de-excitation of excited states. This can lead to fabrication of structures with features
as small as 40 nm40. A great advantage of direct laser writing is that defects can be introduced
in photonic structures in a highly controlled fashion, directly, or in combination with other
techniques41,42.
Another approach to direct writing is that of direct ink writing, where a suitably engineered
concentrated polyelectrolyte, acting as the ink, is extruded through a micrometer size nozzle,
acting as the pen43. The complexity of the structures is limited by the fact that areas already
written cannot be crossed by the nozzle. Further limitations are added by the size and shape of
the nozzle cross section and the microrheological properties of the ink used. Again, additional
steps in the fabrication procedure, such as coating or infiltration with high dielectric constant
materials are usually required in order to increase dielectric constant contrast44. Adoption of
direct approaches, were functional oxide woodpile structures, with a band gap in the infrared,
have been fabricated through the direct printing of sol-gel inks9, can exclude these extra steps.
Ion beam lithography (IBL) has also been proposed45 as a method for the direct writing
of a 3-D photonic crystal structure that features a network of slanted pores20 on a crystalline
titania substrate, but the throughput of the method and its potential to accommodate a range
of different geometries are both limited.
3.2.4 Glancing Angle Deposition
Glancing angle deposition (GLAD) can be used to grow photonic structures through the
introduction of a twist in traditional vapor deposition methods. Initially a pattern is created on
a planar substrate by a lithographic technique. Consequently a material is deposited through
a highly oblique angle of incidence between the substrate and the vapor deposition source.
The periodic topology on the substrate promotes nucleation only on certain sites, while the
introduction of a highly oblique angle has as a result the occurrence of self-shadowing during
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nucleation, with the structure growing vertically into columnar pillars oriented towards the
direction of the vapor source46.
Control over the incidence angle during the deposition and simultaneous ability to rotate
the substrate, can be used for the growth of diamond lattice based structures, demonstrating
full PBGs47. Any dielectric metallic, semiconductor or organic material suitable for physical
vapor deposition can be used in this technique, with inorganic materials of high refractive
index, such as Si and TiO2, being of particular interest for the fabrication of photonic crystals.
This is a relatively low cost method, that can create structures over a fairly large surface area,
but their quality seem to deteriorate with increased number of vertical periods of the repeated
motif11.
3.2.5 Direct Micromanipulation
Another technique consists of the direct micromanipulation of suitable building blocks, with sub-
micrometer features, into larger structures with interesting photonic properties. A configuration
of a nanorobot attached to a scanning electron microscope48 has been used for the fabrication of
a diamond lattice based photonic crystal, through the serial, step by step assembly of colloidal
microspheres7.
In a similar approach the building blocks can be less fundamental, comprising of a structure
that has been pre-fabricated through more traditional integrated circuit processing techniques,
and can be assembled layer by layer into a 3-D arrangement49. Different force fields can also be
used for the control of the building blocks, such as optical50 or holographic optical tweezers51.
The direct control of the assembly process permits the tailored inclusion of defects, that with
the inclusion of an appropriate gain medium opens routes for applications such as lasing8.
Nevertheless, the serial nature of these methods, results in forbiddingly large fabrication times
for structures of sufficient size for useful applications.
3.3 Self-assembly
A cost effective and time efficient alternative to lithographic and sequential assembly techniques,
is based on the general bottom up approach of self-assembly, involving the ordering of
molecules or particles into thermodynamically stable, well-defined aggregates or structures,
without the need for external direction. Systems based on block copolymers or suspensions
of colloidal spheres have been mainly used as building blocks for the fabrication of photonic
crystals.
Block copolymers consist of molecules containing two or more blocks of different polymer
chains, attached by covalent bonds. They can be used for the fabrication of 3-D photonic crystal
structures, due to their tendency to phase separate into micro-domains, with spacing and
geometry that can be controlled by the size of the blocks and the properties of the polymers
used52. Periodic structures of cubic symmetry consisting of spheres, double gyroid and
double diamond geometries have been explored, although only their respective single network
topologies can facilitate a full photonic band gap53. One of the main limitations of these
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systems is the lack of sufficient dielectric constant contrast, although this can be improved by
methods based on doping or selective removal of one of the components. Also, the size of
the micro-domains is in the order of tens of nanometers, with an increase by a factor of ten54
required, for a band gap at wavelengths suitable for optical or telecommunication applications
to be engineered55.
The properties of photonic crystal structures, fabricated through self-assembly from col-
loidal dispersions, are greatly dependent on the characteristics and qualities of their building
blocks, with size uniformity being a priority. Monodisperse polystyrene (PS) and poly(methyl
methacrylate) (PMMA), as well as SiO2 microspheres, can be routinely
56 fabricated today in
sizes from 100 nm to 1 µm, through a number of different polymerization techniques57 and the
Stöber method58 respectively. Similar methods can be used for the fabrication of more complex
particles, such as microspheres with a core shell structure, Janus particles and particles with
non-spherical symmetry59.
Figure 3.2 Fabrication through self-assembly: a, Macroscopic and SEM image of an inverse polymer opal structure,
made by spin coating 325 nm silica spheres, which are subsequently dissolved by hydrofluoric acid. b, SEM image of
the (111) face of a Si inverted opal, based on a template made by vertical deposition of 670 nm spheres. c, SEM image
of 300 nm PS latex spheres, self-assembled through electrophoretic deposition, showing the appearance of cracks on
the surface of the crystal. d, SEM side view of a photonic structure with a planar defect, introduced by a 980 nm sphere
monolayer between 10 layers of 390 nm spheres. Fabricated with the Langmuir-Blodgett technique. e, SEM image of
320± 10 nm PS spheres, self-assembled into a crystal lattice by a modified vertical deposition method. Images taken
from Ref. [60], [61], [62], [63] and [64] respectively.
A number of different techniques can be used to self -assemble colloidal particles into
closed packed structures and a review of the most prominent of these techniques follows.
The fabricated assemblies are often called synthetic opals, since they resemble natural opals,
showing a similar kind of microstructure and related optical properties65. Most of these
techniques demonstrate relatively simple and cost effective ways to fabricate photonic crystals,
even in large-scale, but the structures obtained are only limited to fcc, hcp or rhcp (randomly
stacked hexagonal close packed) geometries and have a low refractive index contrast. This can
be addressed by their use as templates and inverted opals can be fabricated through infiltration
with high refractive index materials61,66, but this process can add imperfections to the crystals,
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which depending on the fabrication method, are already prone to defects such as voids,
dislocations, stacking faults, grain boundaries and cracks. Alternatively, epitaxial methods,
based on metal-organic chemical vapour deposition (MOCVD) can be used, offering as an
additional advantage the possibility for the fabrication of complex, integrated optoelectronic
devices67. Representative structures fabricated by the application of self-assembly based
techniques are shown in Fig. 3.2.
3.3.1 Sedimentation and Guided Assembly
Sedimentation under a gravitational field of monodisperse colloidal spheres, immersed in water,
was the first technique used to self-assemble micro-spheres into a three dimensionally ordered
lattice68,69. The process is directed by a competitive effect between the gravitational field and
the frictional drag of the spheres in the medium, affected by electrostatic repulsion between
spheres and Brownian motion. For low concentrations, the system can be approximated by
a hard sphere model, giving good agreement with Stokes’ law70. As long as the dispersed
spheres’ size and the ratio of their density with the density of the solution are large enough,
the particles will start concentrating in the bottom of the container and will undergo a phase
transition70, assembling into a fcc lattice71. It has been suggested that the reason for the
dominance of the fcc lattice configuration over that of hcp is due to the slight difference in
free energy when two such structures of hard spheres are in thermodynamic equilibrium72,
although gravitational shear-induced stresses have also been considered as a cause for the
preferred geometry73. The ordered spheres favour a {111} orientation when they assemble
on a flat surface, but by using a substrate that has been lithographically patterned with an
appropriate geometry, the growth direction of the crystal can be manipulated away from the
preferential74.
The rate of the sedimentation process is critical, highly dependent on the sphere size, with
slow crystallization rate used to obtain structures with decreased number of stacking faults75.
This is also one of the limitations of the technique, since it can take from weeks to months of
waiting for the spheres to settle68. Thick crystals are obtained, but there is no control over the
layers of the structures, showing a varying packing density and degree of order in the direction
of the sedimentation, with the top part of the crystal often maintaining a fluid like appearance,
resulting in inhomogeneous samples.
The introduction of an oscillatory shear has being shown to reduce inhomogeneity76,
increasing the speed and quality of the crystallization process and so has sonication77. The
effect of an applied electric field on particles dispersed in a medium78 has been used in
other approaches in order to accelerate fabrication and enhance the photonic properties of
the crystals62. Adjustment of the solution’s pH79, affecting the surface charge of the colloidal
particles, can add an additional level of control, while the use of micro-patterned instead of flat
electrodes can further assist in increasing the induced order in 2-D80 and 3-D81,82 structures. A
common problem of all these systems is their mechanical instability, since they remain bound
in a solution, and also their polycrystallinity. Thermal treatment can be used to evaporate the
solvent and improve the quality of the crystal, but still the structures remain fragile and due
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to the nature of the drying process defects are introduced, with their propagation causing
macroscopical cracking of the samples.
3.3.2 Langmuir-Blodgett Technique
Colloidal particles can be functionalised with organic molecules, providing them with the
appropriate balance of hydrophobic and hydrophilic characteristics, in order to reside in a
liquid-gas (usually water-air) interface without aggregation. Dynamic manipulation of the
dispersion at the interface, by compressing it in a Langmuir-Blodgett trough, leads to a phase
transition, resulting in a 2-D assembly of tightly packed spheres. The particles can then be
transferred to an appropriate substrate, in a layer-by layer fashion, through either vertical-
dipping (Langmuir-Blodgett)83 or horizontal-lifting (Langmuir-Schaefer)84 techniques.
Due to the fact that the number of cycles of lifting or dipping performed is equal to the
number of layers formed, the thickness of the crystals can be accurately defined85. What is
more, by using sequences of layers with different sphere sizes83 or other molecular building
blocks63, 2-D defects can easily be incorporated in the structures86,87. On the other hand,
there is no way to control the stacking of the monolayers, which have the tendency of forming
domains, leading to polycrystalline samples which suffer from undesirable defects86, such as
stacking faults and cracks. In recent realizations of the method fabrication of homogeneous
structures, without cracks, has been demonstrated88. In a slightly modified version of the
technique, substrates with micro-fabricated topological patterns have been used to aid the
assembly of the monolayers89, resulting in 2-D only structures, well ordered in a 100 µm length
scale.
3.3.3 Convective Assembly
Convective assembly is based on the convective flow of particles, confined at the three
phase-contact line of a colloidal suspension droplet, that is dragged over a flat90,91 or micro-
patterned92,93 substrate. Solvent evaporation drives colloidal spheres close to the contact line
between the different interfaces, where a combined effect due to capillary forces and the flow
pressure, leads to the formation of closed packed sphere layers. The crystal is considered to
adopt a fcc lattice orientation, with the (111) planes parallel to the substrate and the rows
of spheres on these planes arranged perpendicularly to the meniscus. The reason for the
adoption of this arrangement has been attributed to its ability to facilitate easier draining of the
solvent, through the channels formed between spheres94, although the details of the ordering
mechanism are still unclear95 .
The quality of the crystal formed is highly dependent on the geometry and general charac-
teristics of the meniscus, whose properties can be controlled by means of altering parameters
such as temperature, concentration of the colloidal suspension, rate of evaporation and surface
tension of the solvent92. It has been suggested that the thickness of the crystal can be controlled
accurately, since its increase is directly proportional to elapsed time, until reaching a point of
equilibrium96.
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Similar techniques, exploiting the same mechanism but with slight variations, have also
been proposed. Vertical deposition96,97 follows the same basic principle, but this time the
substrate is vertically inserted into the colloidal dispersion that is slowly evaporating, with the
assembly taking place on the surface of the substrate by a receding meniscus. Disadvantages
of the technique include low speed of assembly, since it is based on the natural evaporation of
the solvent and it is only suitable for smaller spheres, that do not sediment quickly. Selection
of a different solvent, using low pressure or heating the suspension, can increase the rate of
evaporation and the introduction of a greater temperature gradient can prevent sedimentation
of larger spheres, with structures consisting of spheres as large as 1 µm demonstrated61.
Further disadvantages include the fact that the thickness of the crystal is dependent on the
suspension concentration, resulting in increasing thickness while the solvent is evaporating
and concentration is increasing. Lifting the substrate with a constant speed98 (dip coating)
or lowering the suspension level with a peristaltic pump99 can cancel this effect. In other
approaches, the meniscus can be moved horizontally92,100, while a small amount of suspension
is trapped between the substrate and a moving slide, leading to greater control over the
meniscus shape, where a small curvature is considered to be preferential101.
Structures fabricated through convective assembly can be sensitive to formation of stacking
faults102 and other defects103,104, especially in the initial stage of crystallization, when only a few
layers have been formed105 and have an inherent tendency to display an oscillating variation in
thickness106, caused by a relative variation in evaporation velocity. Careful adjustments of the
parameters that control the crystal assembly can produce good quality, single-domain crystals,
in the cm2 and mm2 scale, for 2-D101 and 3-D105 structures respectively.
3.3.4 Shear Induced Particle Ordering
The application of shear was one of the first techniques extensively used to induce order in
suspensions of hard sphere colloids107,108. Initial experiments were as simple as confining the
colloidal suspensions into a cuvette, where shearing was introduced by mechanically rocking
the cell around one of its axes107,109. This causes the arrangement of the hard spheres into
hexagonally ordered layers aligned perpendicular to the shear direction, with close-packed
lines of particles along the velocity direction109,110. Light107, x-ray111, and neutron108 scattering
techniques, as well as confocal microscopy112, have been used in order to study the rheological
and micro-structural properties of these systems, revealing a strong dependence on the nature
of the applied shear and the formation of hcp, fcc and randomly close packed crystal structures.
In other approaches a stabilized suspension of polymethyl methacrylate (PMMA) spheres
confined between two glass plates has been used for the fabrication of large (2 cm2) fcc single
crystal structures, by carefully shearing in one direction the top plate with respect to the
bottom113. Despite the wealth of information that these techniques provide on the crystal
formation mechanism, they cannot be used as reliable fabrication techniques in most cases due
to the relaxation of the crystal structure and loss of order when the application of shear has
ceased.
Variations developed to overcome this problem included the introduction of flow induced
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shear, by replacing the bottom of the cell with an assembly of channels114 or a semipermeable
membrane76. This allows the drainage of the solvent under an applied pressure and the
ordering of the spheres through continuous sonication114 or oscillatory shear76, resulting in
structures with surface area in the range of cm2.
Large-scale fabrication techniques based on shear induced particle ordering principles
have also been applied for manufacturing photonic crystals with even larger surface areas. A
non-volatile dispersion of silica colloidal spheres in a mixture of a viscous triacrylate monomer
and a photoinitiator can form a large area planar photonic crystal of uniform thickness60,
when spin coated on a 4-inch Si wafer (81 cm2). The shear induced ordering mechanism is
based on sliding layers of colloidal spheres115, that result in a 3-D arrangement of non close
packed spheres in the monomer matrix. The samples are stable, retaining their uniform crystal
structure even after spinning has ceased and consequent exposure to ultraviolet radiation
polymerizes the matrix, providing mechanical stability. Spheres of different sizes can be used
and sample thickness can be controlled by adjusting the spinning speed. Selective etching of
the polymer matrix or spheres, results in macroporous structures with increased refractive
index contrast. Alternatively, the method has also been applied to spin coating a dispersion of
polymer spheres in a volatile solvent116, producing lower quality polycrystalline samples with
single domains in the range of 100 µm× 100 µm.
Figure 3.3 Self-assembly by melt compression: a, Schematic diagram of the ordering process of core-shell particles
when the melt is compressed. b, TEM image of the particles assembled in a fcc lattice, as seen along the [111]
crystallographic direction. c, Compressed opal sample, displaying structural colour with a six-fold symmetry pattern in
reflection. Images taken from Ref. [117] (a) and [118] (b,c).
Photonic crystal structures of even larger surface area ('200 cm2) have been fabricated
by a melt compression technique118 of core-shell polymer particles ('200 nm), consisting of
a rigid core of highly cross-linked polystyrene and a soft grafted elastomeric shell. Shear
induced particle ordering takes place through the flow of the polymer melt, when compressed
between two large flat plates (Fig. 3.3) at elevated temperatures of 150–170 ◦C. The resulting
structure is comprised of hard spheres embedded in a soft elastomeric matrix, well ordered
near the surface in a non-close-packed fcc crystal arrangement. An increase in disorder is
apparent near the center of the fabricated films, due to the strain distribution resulting from the
applied stress119. Macroscopically, the films produced are uniform and rubbery in appearance
and mechanical properties, demonstrating strong structural colour120, tunable through the
application of external strain121,122. The main advantage of the technique is its scalability to
industrial manufacturing and its low cost. As with all polymer based photonic crystals, the
samples suffer from a low refractive index contrast, but a technique of introducing carbon
3.4 Characterisation Techniques 29
nanoparticles in the polymer matrix, affecting the absorption and scattering of light, exploits
this low refractive index contrast in order to enhance the structural colour of these samples117,123.
In particular, the multiply scattered background propagates in the structure and gets absorbed
by the carbon nanoparticles, while the resonant scattering remains mostly unaffected. A
variation of this fabrication method, known as the Edge-Induced Rotational Shearing (EIRS)124
method, has recently been developed in our group and used for the fabrication of photonic
crystals. It is based on a series of steps, traditionally used in processing of polymer composites,
such as extruding, rolling and edge shearing. Photonic crystal samples studied in this work
were fabricated by this method and it is going to be discussed in Chapter 4, Fabrication of
Photonic Crystals on a Large-scale: The EIRS Method.
3.4 Characterisation Techniques
Self-assembled photonic crystal structures can show a tendency for intrinsic defects and
disorder125. Combined with a lack of control over the arrangement of each of their individual
constituent components, this creates the need for advanced characterisation techniques, since
domains99, grain boundaries80, dislocations92,126, surface127,128and point97 defects significantly
affect their optical properties. An overview of the most widely used techniques for the
characterisation of opaline photonic crystals is given in this section, with the techniques and
experimental apparatuses used in the context of this thesis emphasised and described in greater
detail.
3.4.1 Optical Microscopy
Conventional optical microscopy can be suitable for the study of opaline photonic crystals,
that when engineered with a band gap in the visible spectrum demonstrate a strong diffrac-
tion colour effect under white light illumination125. In the case of inhomogeneous crystals,
different domains and crystal regions can be distinguished97 and characterised based on their
orientation125, quality129 and thickness106, since they diffract light at different wavelengths
and angles, appearing in different colours under a conventional optical microscope90. On the
other hand, imaging of individual components can be challenging due to stray light limiting
the available contrast and restricting the attainable imaging resolution.
Microtoming and Microscopy of Cross-Sections
An Olympus BX51 upright microscope (×100 maximum magnification) was used for initial
inspection of photonic crystal samples fabricated as part of the work described in this thesis.
In order to accurately determine the thickness of the samples, a microtoming procedure for
cross-sectioning of samples has been introduced. Samples are initially sliced in '2 mm× 6 mm
segments, with one of the faces of each segment associated with a predefined orientation. The
sliced samples are then carefully positioned into moulds, which have been previously filled with
molten (65 ◦C) dental wax. After cooling down, the hardened wax casts with the encapsulated
samples, are attached to a precision movement translation stage, where they are exposed to
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liquid nitrogen cold temperatures. Finally while facing in the predetermined crystallographic
direction of choice, the wax slabs are cleaved by a specially prepared (balanced break method)
glass knife, through the repeated forward and reverse movement of the translation stage in
small steps.
Cleaved samples are placed under the microscope, where precision measurements of their
thickness and inspection of the optical properties of cross-sectional areas can be performed.
Confocal and STED Microscopy
The use of confocal microscopy for imaging fluorescent particles130,131 can increase resolution
closer to the diffraction limit74,75, increasing particle positioning accuracy to '50 nm or bet-
ter132 (for well separated particles), depending on the characteristics of the microscope setup.
Information on the crystal structure, number of layers and nature of defects can be extracted,
but a matching refractive index contrast between fluorescent particles and their surroundings is
required. Otherwise, light scattering between interfaces will mask emission from layers below
the crystal surface98, decreasing imaging resolution.
Even better results can be achieved by super-resolution microscopy methods such as Stimu-
lated Emission Depletion Microscopy (STED), Ground State Depletion Microscopy (GSDM)
and other far-field fluorescence nanoscopy techniques133, relying on fluorophores that can be
switched on and off in sequence. Resolution can be increased beyond the diffraction limit by
making sure that narrowly spaced molecules of the same kind are in different states (on or
off). The 3-D structure of colloidal crystals featuring 200 nm diameter close-packed spheres has
been resolved to a 43 nm minimum resolution through the use of such methods134.
3.4.2 Electron and Atomic Force Microscopy
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) can reduce
the size of distinguishable features to less than 10 nm and have been widely used for the study
of opaline photonic structures61,96,99,118,135. In SEM only the surface of the crystal is probed by
the electron beam, with microtoming of samples necessary in order to produce cleaved flat
surfaces for imaging. In TEM the thickness of microtomed samples cannot be more than a
few hundred nanometers and "staining" with electron-dense materials (e.g. RuO4, OsO4) is
required for imaging polymer based photonic crystal structures with sufficient contrast.
This technique has been used in order to verify the close packing of spheres in opaline
structures, but detecting the packing sequence of the sphere layers and the crystal plane that is
being probed can be difficult to determine, since the angle of cross section cannot be controlled
accurately96,118. Furthermore ultramicrotoming and cryomicrotoming of samples can result in
disturbance of the order of the crystal lattice, making the extraction of conclusions from TEM
micrographs difficult, since often it is not clear whether observed features are inherent to the
structure or a consequence of the microtoming procedure3,118(Fig. 3.4). Even when clear TEM
micrographs of samples that demonstrate increased structural order are obtained, it is hard to
conclude whether the observed arrangement of spheres extends to the bulk of the material.
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These problems were verified when TEM measurements were attempted on samples fabricated
in our group.
Figure 3.4 TEM micrographs of compressed polymer opals, demonstrating the limitations of TEM as a characterisation
method: a, Thin section of the fcc crystal structure along {200}, showing deformed spheres. Whether this is an artefact
of the ultramicrotoming procedure or a consequence of the fabrication method is unclear. b, Section along {111}, angled
exactly through one sphere layer. c, Section at a slight angle to {111}, producing terraces. Images taken from Ref.
[118].
The 3-D surface structure of samples can also be mapped in detail by Atomic Force Mi-
croscopy (AFM)62, but no information is provided for the internal structure of the crystal136,137,
crucial for determining its optical properties.
3.4.3 Laser Diffraction
Another widely used method for the characterisation of opaline photonic crystals is laser
diffraction80,107,109,138. Monochromatic light of appropriate wavelength is directed to a sample
and the diffraction pattern formed by light reflected or transmitted through the crystal is
recorded with a detector or projected on a screen. The geometrical characteristics and light
intensity distribution of the pattern, as well as the angle of diffraction can provide information
regarding the lattice symmetry138, spacing109 and orientation80 of crystallographic planes.
The presence and spatial distribution of different crystal domains can also be determined by
scanning the sample with the laser beam, with features averaged over the cross-sectional area
of the beam.
A Coherent Innova FreD 257 nm, frequency doubled, continuous-wave laser source (beam
diameter '0.9 mm) was utilised in reflection geometry, in order to investigate the crystallo-
graphic orientation of the surface of polymer based photonic crystals studied in the context of
this thesis.
Similar information can be extracted when crystals are probed by laser light previously
focused on a diffuser, forming a monochromatic point-like source. Light propagating at angles
that do not satisfy the Bragg condition is transmitted through the structure, but otherwise
reflected. The intensity distribution of transmitted light forms a pattern of Kossel lines139,
providing information on the structure of photonic crystals129,140 and the dynamics of the
crystallisation process141,142.
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3.4.4 X-ray and Neutron Scattering
Laser diffraction techniques can prove problematic when applied to photonic crystals with
periodicity small enough for a band gap in the visible area of the spectrum to occur. Alterna-
tively, X-rays and neutrons can be employed in order to extract similar structural information
on photonic crystals through Small Angle X-ray Scattering (SAXS)143,144,145,146 and Small Angle
Neutron Scattering (SANS)108,143,147,148 techniques. In SAXS the X-ray beam is transmitted
through the sample and the resulting pattern is recorded and analysed. The internal order of
crystals can be probed, since X-rays interact weakly with the material and the arrangement
of particles as small as a few hundred nanometers can be revealed. Additionally, only single
scattering events need to be considered in order to approximate the interaction, simplifying
the evaluation of experimental results, compared to light scattering where multiple scattering
has to be taken into account. X-ray and laser light scattering have been extensively used
for studying the properties of photonic crystals based on colloidal particle solutions and the
diffraction patterns reveal in real time the structure formation dependence on the applied shear,
probing the dynamics of self-assembly110,149,150,151.
3.4.5 Spectroscopy
Information on the structure of photonic crystals can also be extracted indirectly by spectro-
scopic methods that can be performed in reflection152, transmission85 and back scattering
geometries153. The position154, Full Width at Half Maximum (FWHM)152,155, intensity154,156
and shape156,157 of a diffraction peak can give information about the lattice parameter of the
Bragg diffracting planes158 and the quality of the crystal156. Additionally, the appearance of
Fabry-Pérot fringes in spectra can be used to measure the thickness of a crystal85,96,116,155 and
verify its uniformity97.
The use of angular spectroscopy methods offers increased flexibility on the relative geometry
of light illumination and detection in order to study scattering and reflection phenomena in
photonic crystals in greater detail. Mapping of a photonic crystal’s PBG structure is possible by
probing different directions along the first Brillouin zone (Fig. 2.2), through the selection of an
appropriate angle of incidence152,159.
Alternatively, spectroscopic measurements can be performed with microscope-based spec-
troscopy techniques, restricting on one hand sample characterisation to specific light illumi-
nation and detection geometries, dictated by the components of the microscope but on the
other hand providing ease of use, without the need for complicated alignment procedures.
Microscope-based spectroscopy methods were extensively used in this work and are described
in greater detail.
Microscope-based Spectroscopy
This method allows for the observation of a sample’s microstructure with micrometer resolution,
combined with simultaneous spectroscopic measurements from that specified local area and it
is based on a modified Olympus BX51 upright optical microscope (Fig. 3.5).
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Figure 3.5 Schematic representation of the modified Olympus BX51 microscope used for microscope-based spec-
troscopy measurements, showing the different components and the optical paths of incident and detected light.
Both microphotography and micro-spectroscopy can be performed in bright field (BF)
and dark field (DF), reflection and transmission modes, while the conveniently standardised
platform of the microscope allows for the relatively simple implementation of additional optical
components, as required for polarised light microscopy, fluorescence microscopy etc.
The optical path in reflection mode (Fig. 3.5) originates at a halogen tungsten lamp ('400–
800 nm spectral range) that acts as the microscope light source, supplying a continuous spec-
trum of light with a colour temperature of 3200 K. Light then passes in sequence, through the
collector lens, the aperture and field diaphragms and finally directed by a beam splitter to
the microscope objective, through which the sample is illuminated. The aperture diaphragm
controls the illumination cone, which is projected into the objective lens, modifying the res-
olution and contrast of the observed image, while the field diaphragm provides the means
for adjustment of the total amount of light entering the microscope and the illumination area
on the sample. Light reflected on the surface of the sample re-enters the objective lens and is
distributed by a pair of beam splitters to the eyepieces and a high resolution digital camera,
while remaining light is coupled through an adjustable lens to an optical fibre (50 µm core) and
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directed to an Ocean Optics QE65000 spectrometer ('200–950 nm detection spectral range).
Samples are mounted on an automated high precision x-y translation stage, which allows
scanning of different areas of the sample with micrometer resolution.
A specific area of interest can be selectively illuminated, while the probed regions are
imaged, with obtained spectra correlated to specific micro regions of samples. The area of the
spectrally probed region depends on the combination of objective lens and optical fibre used,
with a 50 µm core optical fibre and a ×5 objective lens corresponding to a '10 µm detection
spot, reduced to less than 1 µm for a ×100 objective.
In bright field illumination (Fig. 3.6a) the geometry of the light cone probing the sample is
determined by the numerical aperture (N.A.) of the objective and the apex of the light cone (θ)
is limited in the range 2 θmin ≤ θ ≤ 2 θmax for our setup, with θmin = 8.6° corresponding to a
×5 objective and θmax = 64.2° for a ×100 or ×150 objective.
Figure 3.6 Light illumination and detection geometry in Bright Field (DF) and Dark Field (DF) modes: a, Schematic dia-
gram of the light cone geometry in bright field illumination mode, showing θmin = 8.6° and θmax = 64.2°, corresponding
to ×5 and ×100 objectives respectively. b, Schematic diagram showing the light illumination and detection geometry in
dark field mode, when microscope-based spectroscopy measurements are performed with a ×5 objective. All relative
angles are denoted.
In dark field illumination mode (Fig. 3.6b) incident and collected light follow different optical
paths and as a result image contrast is greatly improved, due to the fact that no zero order
light reaches the sample. An opaque occluding disk is placed at the main optical path of the
incident light, which directed through a set of mirrors and prisms located around the periphery
of the objective lens, forms a hollow cone illuminating samples at highly oblique angles from
every azimuth. Light scattered by samples, normally obscured in BF, is then collected by the
front lens of the objective, with images and spectra recorded. A white Lambertian reflectance
standard (Lab-sphere Spectralon SRM-99) has been used as a reference for DF reflectivity
measurements, with all spectra normalised with respect to that.
The geometrical characteristics of the hollow illumination cone depend on the specifics of
the objective lens. In Fig. 3.6b the geometry of the illumination and detection cones for a ×5
objective is shown, with the apex of the collection cone (red in Fig. 3.6b) being determined
by its numerical aperture, and the angle that it forms with the inner and outer surface of the
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hollow illumination cone denoted in light (φ) and dark blue (ω) respectively. Numerical values
of angles θ, φ and ω, as defined in Fig. 3.6b, are summarised in Table 3.1 for different objective
lenses, corresponding to ×5, ×10 and ×20 magnification values.
Table 3.1
Light Illumination and Detection Geometry in DF Mode for Different Objectives.
DF Geometry Anglesa
(in degrees)
Objective Lens Specificationsb
Magnification ×5 ×10 ×20
N.A. 0.15 0.30 0.45
θ 17.2 34.0 54.0
φ 14.4 19.0 22.8
ω 16.1 22.0 25.8
a Numerical values of the relative angles for DF illumination measured and kindly pro-
vided by Dr Gen Kamita, Thin Films and Interfaces group, Cavendish Laboratory.
b From Olympus Microscopy.
Microscope-based spectroscopy can also be performed in transmission mode, with incident
light illuminating the sample from below, through a substage condenser and transmitted light
collected as before through the microscope objective lens.
Basic Reflection and Transmission
Microscope-based spectroscopy measurements can show that the existence of a PBG is mani-
fested in the reflection and transmission spectra of a photonic crystal in complementary ways.
Since propagation of light that corresponds to the PBG frequency is forbidden, a peak and
a dip are expected to be observed for the corresponding frequency regions in reflection and
transmission spectra respectively. This is shown in Fig. 3.7 for DF reflectance and transmittance
spectra typical of polymer photonic crystals studied in the context of this thesis and fabricated
through EIRS. They consist of a non-close-packed arrangement of polymer spheres embedded
in an elastomeric matrix that has been doped with carbon nanoparticles.
The spectral position of the corresponding dip and peak in transmittance and reflectance
respectively is governed by Eq. (2.8), applied to the (111) crystallographic planes of a fcc lattice,
that will be shown to be parallel to the surface of the system we study here. Features such as
the intensity and FWHM (Full Width at Half Maximum) of reflectance peaks and similarly the
attenuation and width of the transmittance dip define to a great extent the system’s optical
response.
In order to better understand this correlation we have developed in our group a 1-D
multilayer quasi-model based on a quarter-wavelength-stack distributed feedback reflector with
low refractive index contrast (∆n = 0.1) and average refractive index ne f f = 1.55154. Simple
transfer-matrix calculations160 averaged over many cycles can be used to simulate reflectivity
spectra, taking into account the absorption of the carbon dopants as well.
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Figure 3.7 DF reflectance and transmittance spectra, typical of polymer photonic crystals studied in the context of this
thesis, as captured through microscope-based spectroscopy.
Disorder can also be implemented in the model by the random displacement of each in-
terface by a Gaussian-distributed disorder parameter (δ). As shown in Fig. 3.8a for δ = 0 the
reflectivity peak appears maximised with a relatively flat top. As the disorder increases, the
typicaly rectangular stop band becomes weaker, broadened and Lorentzian (Fig. 3.8a). Consid-
ering the Fourier Transform of these Lorentzian spectra with broad spectral wings suggests
disordered modes are spatially localised within this quasiperiodic structure. These simulations
are averaged over 100 realisations of specific disorder profiles to reflect the measurements
averaging over locally different sample regions.
Figure 3.8 a, Simulated optical reflectivity of 1-D photonic crystal of ∆n = 0.1 with average layer thickness 200 nm
incorporating increasing disorder, δ¯ = 0, 5, 10, 15 nm, for 80 double layers. Inset summarises changes in line width
(squares) and peak reflectivity (circles). From Ref. [154]. b, Simulated optical reflectivity of 1-D photonic crystals based
on the same multilayer model, with 100 layer-pairs, 7% of layer thickness variation and absorbance 8.9 mm−1, showing
the effect of average refractive index variation. Spectra are averages of 100 separate configuration simulations. From
Ref. [161].
Similarly, considering a variation in refractive index contrast ∆n shows according to the
same model the reflectivity peak to increase in intensity with increasing ∆n161 (Fig. 3.8b). This
indicates the significant effect of disorder in systems such as this, with low refractive index
contrast allowing light to penetrate over hundreds of layers. In summary, this model represents
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the periodicity of the 3-D crystal and confirms that peak width tracks the disorder in the crystal,
peak wavelength is proportional to the average layer separation and peak height is related to
the refractive index contrast.
Comparable conclusions can be extracted for the transmittance spectra with attenuation
of the resonant dip limited by disorder162 and the depth of the resonant minimum enhanced
for well ordered structures124. Additionally, transmittance spectra show increased attenuation
for smaller wavelengths, an effect that has been attributed to Rayleigh scattering from crystal
defects163.
3.5 Conclusion
The most notable methods available for the fabrication of photonic crystals have been presented
in this chapter, classified mainly into two categories: lithographic/sequential assembly and
self-assembly based techniques. Independently of categorisation, the different fabrication
methods explored reflect at large the objectives set by the theoretical description of the optical
properties of photonic crystals, but limitations to the quality of the fabricated structures, the
scale of manufacturing and their potential integration to existing devices are introduced by
all current methods. As a result, the realisation of a photonic crystal with a demonstrated
omnidirectional PBG in the visible area of the electromagnetic spectrum has so far proven to
be elusive.
Nevertheless, assuming that the criteria for the selection of a fabrication method are set
on the prioritisation of factors such as large-scale fabrication, low cost production, integration
with existing techniques and support of a PBG in the visible spectrum, then methods relying
on the direct self-assembly of colloidal crystals hold a lot of promise. This is despite the fact
that low refractive indices of polymeric materials, the inherent tendency of these systems for
disorder and the limited flexibility on the geometry of assembled structures prevent them from
demonstrating a complete PBG. Such a method, based on self-assembly through shearing, has
been employed for fabrication of polymer based photonic crystals studied in the context of this
thesis and is presented in detail on Chapter 4, Fabrication of Photonic Crystals on a Large-scale:
The EIRS Method.
Characterisation methods suitable for such structures have also been described in this
chapter, with mostly indirect techniques such as microscope-based spectroscopy, microscopy
of cross-sections and laser diffraction used throughout the work presented in the following
chapters. Finally, characteristic features of typical reflectance and transmittance spectra that
correspond to samples studied in this thesis have also been interpreted on the basis of a 1-D
multilayer model.
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Chapter4
Fabrication of Photonic Crystals on a
Large-scale: The EIRS Method
4.1 Introduction
The methodology followed for the fabrication of elastomeric opaline photonic crystals on
a large-scale is presented in this chapter and the outcome of applied characterisation tech-
niques, evaluating the quality of fabricated samples, is also discussed. The fabrication method
comprises four main individual steps:
• Synthesis of polymer based particles with a core-shell structure.
• Extrusion of the polymer precursor into a polymer melt.
• Processing through rolling in order to prepare thin polymer films.
• Self-assembly of the core-shell particles by shear induced strain, through an Edge-Induced
Rotational Shearing (EIRS) method.
The first two steps of the fabrication procedure are not new and have been already em-
ployed in the past for the fabrication of opaline photonic crystal structures by the mechanical
compression of the polymer melt between two flat plates1,2.
Each one of the sequential fabrication steps is described here in detail, with special emphasis
given to the evolution of the samples’ microstructure, as determined through microscope-based
spectroscopy of cross sections. The fabrication method is also applied in producing samples at
a large scale, resulting in two different series of samples, with different optical characteristics
revealed through microscope-based spectroscopy. Finally, the orientation of the crystal structure
adopted by fabricated samples is also resolved through light diffraction experiments, in both
transmission and reflection geometries.
4.2 Particle Synthesis
Polymer based particles with a core-shell structure are prepared through a stepwise emulsion
polymerisation procedure3, with the underlying mechanism of standard emulsion polymerisa-
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tion4,5 and its application to synthesis of core-shell particles outlined in Fig. 4.1.
Figure 4.1 Diagram showing the individual steps and underlying mechanism of emulsion polymerisation. The process
starts by mixing the monomer and surfactant in water. The hydrophobic monomer molecules form droplets and diffuse
into micelles formed by the amphiphilic surfactant molecules. Addition of an initiator starts the polymerisation process
and polymer particles start to grow. Stepwise introduction of different monomers, styrene (S), methyl methacrylate
(MMA) and ethylacrylate (EA) in this case, leads in formation of particles with a core-shell structure, while the addition of
a thermally activated crosslinking agent can result in a suspension of monodisperse hard spheres.
The process starts by mixing a water-insoluble and polymerisable by free radicals monomer
with a surfactant in water, in order to form an emulsion. The hydrophobic monomer molecules
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arrange themselves in either large droplets or in micelles, stabilised by the amphiphilic sur-
factant molecules. When initiator radicals are introduced in the solution and diffuse into the
micelles, the free radical polymerisation process starts, converting the micelles into polymer
particles. The increased population of micelles, in comparison to that of monomer droplets,
translates into a larger micelle total surface area, making the initiation of polymerisation
more likely to occur in the micelles, instead of the monomer droplets. Diffusion of monomer
molecules from the droplets to the solution, feeds the polymerisation reaction, causing growth
of the particles. Increasing the concentration of the surfactant and the monomer appropri-
ately, results in the formation of more micelles, while at the same time the concentration of
the initiator is decreased, reducing the rate of termination of the free radical polymerisation
procedure.
Addition of a crosslinking agent that can be thermally activated, hardens the particles
and stops further molecular weight increase, giving a certain amount of control over the
polydispersity of the particles, with a value of 5% being typical6. By applying the process
in a stepwise fashion, using different monomers and carefully controlling the surfactant and
initiator concentrations, core-shell particles can be prepared. The emulsion is finally coagulated
or spray-dried and stored for further processing.
The samples studied in the context of this thesis have been based on core-shell particles
comprising a hard poly(styrene) (PS) core, strongly crosslinked with butanediol diacrylate
(BDDA), a thin intermediate layer of poly(methyl methacrylate) (PMMA), crosslinked with
allyl methacrylate (ALMA) and a soft outer shell of poly(ethylacrylate) (PEA) grafted on the
PMMA intermediate shell (Fig. 4.1). The PEA outer shell is not crosslinked and due to a low
glass transition temperature7 (Tg = −24 ◦C) and sufficient thickness, flowing of the composite
particles is permitted, allowing for their rearrangement and ordering into a crystal structure
during consequent processing steps. The presence of a sufficiently thick PEA outer shell,
combined with the fact that PEA chains need to be efficiently grafted on the PMMA interlayer8,
create a necessity for very long polymer chains in the outer shell and as a consequence the
molecular weight of PEA is high3. The size of the composite spheres (typically 190–350 nm)
can be modified by adjusting the emulsifier concentration during the particle growth.
The standard recipe for the synthesis of the composite particles dictates a PS:PMMA:PEA
distribution of 34.3:10.4:55.3 (wt%) for the samples used, corresponding to a ratio of 69:10:21 for
the radii of the respective regions. This geometry corresponds to a minimum and maximum
packing fraction of 0.25 and 0.54 respectively, assuming that the particles are assembled in an
fcc crystal lattice.
4.3 Extrusion
A mixture of the dried precursor polymer particles and carbon nanoparticles ("Special Black 4",
Degussa) is fed in a twin screw mini extruder (Thermo Scientific, MiniLab), with the screws
operated in a co-rotating mode with intermeshing elements.
The process takes place at temperatures of 150 ◦C. At these temperatures the polymer
precursor particles merge into a polymer melt of hard PS-PMMA spheres in a PEA matrix,
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with the carbon nanoparticles distributed in the interstices between spheres9. A valve present
in the main flow channel can operate in two modes, as shown in Fig. 4.2. When closed, it
allows for the mixture to be recirculated, optimising mixing, while when open the mixture can
be extruded through a rectangular shaped dye with a cross-sectional area of '7 mm2.
Figure 4.2 Schematic diagram of the twin screw extruder, showing the main path (red) followed by the polymer melt
when in extrusion mode and the alternative path (blue) when the by-pass valve is set in the mixing mode position.
Pressure, temperature and speed of the polymer melt can be monitored and recorded
throughout the process, by a software interface developed by the author. The polymer melt is
recirculated for a number of cycles, until homogeneous mixing has been achieved and then it
is extruded.
Carbon black has commonly been used in the polymer industry as a dye and reinforcing
agent10, but here it is being used in very small quantities (0.05 wt%), as its incorporation in
these low refractive index contrast structures has been shown to intensify their structural colour,
through selective enhancement of the scattering of light that satisfies Bragg’s law1.
4.4 Rolling
A rolling processing step is consequently introduced in order to reshape extruded samples and
reduce their thickness to a value appropriate for the next stage of the processing procedure. The
extruded polymer opal ribbons are encapsulated between a pair of 2 m× 4 cm poly(ethylene
terephthalate) (PET) tapes and guided through a cartridge of two brass capstans to a glass
plate (Fig. 4.3). Both the plate and the cartridge have been pre heated to 150 ◦C. A quartz,
free rotating, roller is lowered on the top PET tape surface and compresses the sample, with
the pressure magnitude set typically at 40 psi. Tapes and polymer are then advanced by a
translation stage, moving, for most fabrication needs, at a constant speed in the order of
1 mm s−1, relative to the roller. Through this process the polymer is compressed-sheared
producing thin films with uniform thickness of '80–100 µm.
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Figure 4.3 Schematic representation of the rolling processing step, showing the components and geometry of the
rolling apparatus and the development of microstructural order, as the sample thickness is being reduced. The polymer
spheres (inset) at the front half of the contact area are being compressed, while the ones at the rear are being relaxed,
with the arrows indicating the direction of strain around the extension line of the neutral point of contact.
4.4.1 Effect on Microstructure
The combination of compression and shearing has an additional effect on the structural order
of these samples, improving their appearance and optical properties. A polymer opal that has
been processed with different values of applied rolling pressure, can be seen in Fig. 4.4a, placed
on the surface of a white light backlit plate, with the red arrow indicating the direction of
rolling. In the area noted as Region 1, a lower than typical value of pressure has been applied,
resulting in a sample thickness of 241 µm. At the boundary of Region 1 and Region 2 the
pressure of the roller has been increased, reducing the sample thickness to 123 µm for Region 2,
corresponding to a thickness reduction ratio of 0.47. The areas of the two regions are quite
distinct, due to a different colour effect, as light from the backlit plate is transmitted through the
sample. This can be further verified by microscope-based spectroscopy in transmission mode,
with the corresponding spectra for the two regions shown in Fig. 4.4f. For Region 1 a sharp
drop in transmittance in the spectral region below 600 nm is observed. In the thinner Region 2,
measurements show the appearance of a band gap, manifested as a dip in transmittance with a
minimum at 567 nm.
In order to accurately determine the thickness of the samples, a microtoming procedure of
sample cross-sectioning (see Microtoming and Microscopy of Cross-Sections in subsection 3.4.1),
has been employed. The samples are sliced into segments, with one of the cross-sectional faces
of each segment oriented normal to a vector nˆ (green in Fig. 4.4a), forming a 30° angle with
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a vector pˆ (red in Fig. 4.4a) parallel to the direction of rolling. These cross-sectional faces are
then carefully cleaved, until clean, flat sections with surface normal nˆ have been prepared.
Optical micrographs of the microtomed samples are shown in Fig. 4.4(b-e), for the two
different areas, Region 1 (Fig. 4.4b, c) and Region 2 (Fig. 4.4d, e) and for x5 (Fig. 4.4b, d) and x10
(Fig. 4.4c, e) magnifications. In the cross-sections of all the samples, the appearance of distinct
zones is evident. The two opposite-faced zones near the surface of the samples show strongly
angle dependent iridescent structural colour with an average width which is comparable for
Region 1 and Region 2, at a value of 25–30 µm. The middle bands show a less evident iridescence
effect and their average width is measured to be 76% and 54% of the total sample thickness for
Region 1 (241 µm) and Region 2 (123 µm) respectively.
Figure 4.4 Processing of polymer based photonic crystals through rolling: a, Polymer opal sample placed on a white
light backlit plate. Areas noted as Region 1 and Region 2 correspond respectively to processing with lower than typical
and typical (40 psi) values of applied pressure. Vector pˆ (red) is parallel to the direction of rolling, forming a 30° angle with
coplanar vector nˆ (green). b, c, Optical micrographs of cross-sectional areas of the sample from Region 1 at ×5 (b) and
×10 (c) magnification. The cross-sectional faces are oriented normal to nˆ. d, e, Optical micrographs of cross-sectional
areas of the sample from Region 2 at ×5 (d) and ×10 (e) magnification, with cross-sectional faces oriented normal
to nˆ. Scale bars correspond to 200 µm (b, d) and 100 µm (c, e). f, Microscope-based spectroscopy measurements in
transmission mode, showing the wavelength dependence of transmittance for Region 1 and Region 2.
Examination of the same cross-sectional areas at ×20 magnification (Fig. 4.5) reveals non
uniform intermediate transition zones, with unclearly defined boundaries due to a gradient
of saturated green colour at their ends, separating them from the zones near the samples’
surface. The apparent colour of the thin, surface zones (appearing green in ×5 and ×10 optical
micrographs) has now shifted towards the blue end of the visible spectrum. This can be
justified by considering that the optical response of these samples under DF microscopy is
highly dependent on the N.A. of the objective lens used for imaging. Consequently, a ×20
DF objective would correspond to a sample illumination geometry with a steeper incidence
angle and a light detection cone with an apex angle more than three times larger compared to
a ×5 objective (see Table 3.1). The width of the middle and near surface zones appears to be
comparable for Region 1 (Fig. 4.5a) and Region 2 (Fig. 4.5b) samples, but that is not the case for
the intermediate zones, appearing in Region 1 approximately three times wider than equivalent
zones in Region 2.
In an attempt to quantify this phenomenon and determine the dimensions of these zones
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with greater accuracy, microscope-based spectroscopy measurements in DF have been per-
formed. The wavelength of the resonant peak for every one of the recorded spectra has been
extracted by fitting a Lorentzian function and plotted as a function of the distance from the
centre of the cross sectional areas, creating effectively their spectroscopic map. The use of a
multimode optical fibre with a 50 µm core diameter, combined with a ×20 objective, corre-
sponds to a probing area of at least 5 µm2. Reversing the light path by connecting a light source
to the end of the optical fibre normally reserved for the spectrometer, allows for the accurate
alignment and calibration of the apparatus by simple observation of the light spot projected
on the sample. The spectroscopic map for Region 1 and Region 2 is shown at the left of each
corresponding optical micrograph in Fig. 4.5a and Fig. 4.5b respectively.
Figure 4.5 Microscope-based spectroscopic measurements of samples processed through rolling and then microtomed
with the cross-sectional faces normal to nˆ: a, Optical micrograph at ×20 magnification, corresponding to Region 1 of
the rolled sample, with a spectroscopic map of the cross-sectional area shown at the left part of the figure. b, Optical
micrograph and spectroscopic map at ×20 magnification, corresponding to Region 2 of the same sample. Scale bars
correspond to 50 µm.
Starting from the top surface of the Region 1 sample (Fig. 4.5a) and moving towards the
bottom, the wavelength increases almost monotonically from a 499 nm minimum value to a
536 nm local maximum, occurring approximately 50 µm from the midline of the cross-sectional
area and corresponding to the end of the top intermediate zone. A slight decrease in wavelength
leads to a dip at 530 nm just at the midline, followed by a consequent increase to a 540 nm
maximum near the lower edge of the bottom intermediate zone and a rapid drop of almost
25 nm at the edge of the thin outer zone of the bottom surface.
The spectroscopic map corresponding to the thinner Region 2 (Fig. 4.5b) shows a similar
pattern, with spectra towards the cross-sectional area midline red shifted, but the local minimum
observed at the centre of Region 1 sample, is now absent. Still, in the optical micrograph
the middle zone appears clearly separated from the intermediate zones at either side, even
though their width seems significantly decreased in comparison to the Region 1 sample. This
discrepancy between the optical micrograph and the spectroscopic map is attributed to the false
colour image generated by the CCD camera attached to the microscope. Both spectroscopic
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maps appear asymmetric in reference to the midline, with outer zones at the bottom half
appearing red shifted by 10–15 nm in comparison to the equivalent zones at the top half of the
cross sections. This seems to correlate with the differences observed in the appearance of bottom
and top surfaces of films processed through rolling, with the bottom surface demonstrating
a greater degree of micro-structural order11. On the other hand, we should also consider the
effect on the samples’ optical response of a cross-sectional area that is not completely flat,
but slightly inclined by even a few degrees. Such an artefact could be introduced by a small
misalignment of the components comprising the cross-sectioning apparatus and combined
with the steeper angle of incidence for a ×20 DF objective could provide an additional cause
for the observed asymmetry in the spectroscopic maps.
It is worth noting that in accordance with structure determination experiments performed
(subsection 4.5.2, Crystal Structure Orientation: Light Transmission Geometry), the cross-sectioned
surfaces would be expected to be parallel to {112} crystallographic planes, if an fcc crystal
structure was assumed. As a result, the restrictions implemented by the fcc crystal lattice
geometry, through the corresponding calculated structure factors (see Eq. (2.14)), suggest that
no resonant peaks should be expected to be visible due to light diffraction from these crystal
planes. On the other hand, higher order crystallographic planes with suitable orientation, that
are not prevented from producing resonances due to symmetry restrictions, would diffract light
in the infrared range of the spectrum, as can be shown by combining Eq. (2.8) and Eq. (2.15).
The appearance of zones has also been detected in cross-sections of extruded polymer
opal fibers12 with a diameter larger than 100 µm, microtomed through the same method. The
appearance of different colour concentric ring-shaped zones has been verified for large diameter
fibers (2 mm) by optical micrographs and microscope-based spectroscopy and the existence of
bands has been attributed to alternating well- and poor-ordered areas of these samples. Non-
equilibrium interparticle dynamics simulations used to model flow in a cylindrical geometry,
verified the appearance of well ordered zones in the surface boundary of these fibers.
The formation of bands in the velocity gradient direction (∇pˆ in the rolling geometry)
has also been observed in sheared complex fluids such as colloidal suspensions13, wormlike
micelles14, polymer solutions15 and entangled polymer systems16. It has been attributed to an
inhomogeneous distribution of shear rate, localised in macroscopic regions which are flowing
at different shear rates for the same value of applied shear stress, exceeding a characteristic
critical value. Different bands are characterised by different apparent viscosities and correspond
to different states of microstructural order17. A direct dependence between the width of the
forming bands and the imposed shear rate has also been suggested, as an inherent feature of
all soft glassy materials18, with systems based on micellar cubic crystals even showing a switch
in the crystal orientation, depending on the amplitude of applied shear rate19,20.
Rheological measurements of colloidal systems under shear have shown the appearance of
shear bands, in the form of dark and light zones under polarised light21. They are predomi-
nantly formed at the velocity-vorticity plane of shearing, parallel rather than perpendicular
to the velocity gradient direction22 and attributed to hexagonal ordered particles. These form
sliding layers of crystalline regions, which are stabilised between solid boundaries and non-
crystalline bands supporting most of the shear. Critically, for spherical particles suspended
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in a non-Newtonian fluid, the appearance of complementary zones with increased particle
concentration is observed near the walls of a concentric cylinder viscometer23. These zones
are separated by a less condensed phase of the medium and the phenomenon is attributed to
normal forces that by definition accompany the rheology of viscoelastic materials24 and are
dependent on a shear rate threshold.
In contradiction, synchronised rheological and spectroscopic measurements on polymer opal
melts25, suggest the development of an ordered region starting at the constraining boundaries of
the melt and moving inwards, but with the process demonstrating a shear strain dependence25.
What is more, a shear-induced layer flow mechanism seems to destroy crystalline order, which
instead takes place by a “creeping sphere flow”, in contrast to charge stabilised colloidal
suspensions26 and model hard sphere systems27.
These observations seem to be consistent with the microtomed samples examined here,
showing a zone adjacent to each one of the PET films that contain the polymeric photonic crystal.
Furthermore, the spectroscopic maps show the thin zones near the samples’ surface blue-shifted
by '6%, suggesting a tighter packing arrangement of the crystal structure, assuming that the
crystal orientation remains consistent across all observed zones. The fact that the advancing
speed during rolling has been maintained constant and only the applied rolling pressure varies
between Region 1 and Region 2, leads to a decrease in sample thickness and a corresponding
increase of the applied shear rate. This seems to be inconsistent with the observed width of
the ordered zones, since their size in these samples remains comparable between Region 1 and
Region 2, with improved optical properties attributed to the decrease of the middle zone width,
rather than to an increased size of the ordered regions. On the other hand, considering the
fact that both strain and strain rate show significant variations during the material’s entry
and exit from the rolling apparatus28, the extraction of even qualitative conclusions becomes
significantly more difficult. Still, it is worth noting that apparent zones in the cross sectional
areas of samples processed through rolling is a systematic feature, observed in all samples
microtomed by the author.
4.5 Edge-Induced Rotational Shearing (EIRS)
The introduction of rolling in the fabrication procedure resulted in samples with significantly
reduced thickness and improved optical properties, as demonstrated by the appearance of
a clear dip in transmittance (Fig. 4.4). In order to further enhance the optical response of
fabricated structures a final processing step has been introduced, based on an Edge-Induced
Rotational Shearing (EIRS) technique11. The thin polymer ribbons produced after rolling and
still encapsulated between a pair of PET tapes, are guided through the same cartridge of brass
capstans described in the rolling processing step, and stretched over a brass hot-edge residing
above a glass plate (Fig. 4.6). Plate, cartridge and hot-edge are all pre heated to 150 ◦C. The
brass capstans ensure accurate positioning of the polymer ribbons, while both ends of the PET
films are securely fastened on the glass plate, which is attached to a translation stage. The
polymer films are then drawn at the same direction over the hot-edge, through the forward
advancement of the translation stage at a constant speed, with a value of 5 mm s−1 typical for
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Figure 4.6 Graphical representation of the apparatus used for the processing of samples with the EIRS method,
showing the main components and basic principle of the technique. One-directional drawing of the polymer films,
encapsulated between a pair of PET tapes, results in shear-induced ordering of the microspheres comprising the
photonic crystal (inset).
most fabrication needs. The process can be repeated if further processing of the polymer is
required, with multiple passes suggesting increased bulk ordering11.
The geometrical characteristics of the brass hot-edge (Fig. 4.6, inset), as defined by an apex
angle α = 90° and a radius of curvature at the top edge less than '10 µm, govern to a great
extent the characteristics of the mechanism controlling the ordering of the microspheres and as
a consequence the optical properties of the fabricated photonic crystal structures.
4.5.1 Effect on Microstructure
In order to better understand this ordering mechanism, we can consider a greatly simplified
model based on the motion of individual volume elements in the bulk of the polymer, when
the films are bent on the hot-edge11 (see Chapter 8.2, Appendix B). These volume elements can
be perceived as rigidly stuck to the pair of PET tapes encapsulating the polymer, effectively
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creating a model of rigid outer sheets with a fluid-like deformable core, as shown in Fig. B.1.
The applied bending rotational moment translates into two components of applied shear strain,
with one component (τh) parallel to the surface of the PET tapes and the other (τv) oriented
vertically, with its orientation dynamically changing, as the independent volume elements
follow the boundary restrictions implemented by the PET tapes11. This shearing effect results
in processed samples that for an initial static case, show thickness reduced by a factor which is
directly related to the bending angle (θ) of the relaxed films, as described in Appendix B.
Figure 4.7 Optical microsopy of EIRS processed samples’ cross-sections: a, Optical micrograph (×20, DF) of a polymer
photonic crystal film, cross-sectioned in a direction parallel to the processing, with the EIRS process halted at the point
indicated. b, Optical micrograph (×20, DF), showing a cross-sectioned polymer film before the EIRS processing step.
c, The same sample after EIRS processing. The arrow indicates the side in contact with the hot edge. Scale bars
correspond to 50 µm, unless otherwise denoted. Images from Ref. [11], recorded by Dr C. Finlayson.
This reduction in thickness is revealed experimentally by cross-sectioning, parallel to the
processing direction, a sample that has only partially been processed11. An optical micrograph
of the sample’s cross sectional area at ×20 magnification in DF is presented in Fig. 4.7a. An
arrow indicates the position of the hot edge before bringing the process to a halt, so that only
the part of the cross sectional area below the arrow has been processed with the EIRS method.
The measured thickness of the polymer above the indicating arrow, where no processing has
taken place, is measured to be 80 µm, while the one below is measured as 73 µm, revealing
a decrease in thickness of 9% between processed and unprocessed parts of the sample. This
value corresponds to a bending angle θ = 24° and a net vertical strain τv = 46%, according
to this model, predicting a thickness reduction ∆d/d = 47%, according to Eq. (B.4) for a hot
edge with a 90° apex angle. This value is significantly different from the 9% thickness decrease
measured, indicating the deficiencies of this simple model, that does not take into account
factors such as wall slip29, occurring at the interface boundary between the polymer melt and
the encapsulating PET tapes, or the viscoelastic nature of the physical properties demonstrated
by these polymeric photonic crystals25.
Optical micrographs (×20, DF) showing cross-sectional areas of samples before and after
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they have been processed with the EIRS method, are presented in Fig. 4.7b and Fig. 4.7c
respectively, with the arrow in Fig. 4.7c indicating the side of the sample facing towards the
hot edge. Both samples show an apparent colour gradient, which is more evident towards
their bottom surface and also near the hot edge processed surface of the second sample.
In comparison with previous samples that have been processed only through rolling, these
samples are at least 19% thinner, with a thickness measured at 100 µm and 93 µm, before and
after processing respectively, corresponding to a 7% thickness reduction due to EIRS processing.
The absence of pronounced zones with different apparent colours, has been suggested as a
manifestation of bulk ordering in EIRS processed samples11, but the increased uniformity of a
sample that has not been processed with the EIRS method (Fig. 4.7b) remains unclear. On the
other hand, the colour gradient observed on the cross sectional areas of these samples, more
noticeable at their bottom than their top surface, is consistent with the asymmetry observed at
the spectroscopic maps of samples processed through rolling, as presented in Fig. 4.5.
4.5.2 Crystal Structure Orientation: Light Transmission Geometry
The orientation of the developed crystal structure in EIRS processed samples, has been verified
by optical diffraction experiments in transmission11, performed by Dr C. Finlayson and Dr
P. Spahn. A free standing polymer opal sample was illuminated by a 404 nm diode laser
(Coherent CUBE) and the diffraction pattern formed by transmitted light was projected onto a
screen and recorded by a digital camera, as shown in Fig. 4.8a. Since the wavelength of the
illuminating light source lies at the lower end of the visible spectrum, special polymer opal
samples comprising larger core-shell particles ('630 nm) were specifically fabricated for these
experiments.
Figure 4.8 Light diffraction in transmission geometry: a, Schematic diagram of the experimental setup. Light emitted
by a laser is diffracted by a polymer based photonic crystal sample and the diffraction pattern is projected on a screen
and recorded by a digital camera. b, Diffraction pattern by a sample before EIRS processing. c, Diffraction pattern
corresponding to the same sample after EIRS processing. The processing direction is indicated by the blue arrow
(Diffraction pattern images recorded by Dr C. Finlayson and Dr P. Spahn.
The diffraction patterns corresponding to samples before and after EIRS processing are
shown in Fig. 4.8b and Fig. 4.8c respectively. Both patterns demonstrate diffraction spots with
a characteristic sixfold symmetry, precisely aligned to the direction that the polymer films were
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processed (blue arrow in Fig. 4.8b). In both cases the diffraction patterns retain all their features
when the laser beam ('0.5 mm diameter) is scanned across the surface of the samples. By
comparing Fig. 4.8b and Fig. 4.8c it is evident that EIRS processed samples produce diffraction
patterns with spots of increased clarity and enhanced sharpness, while diffuse light rings
observed for non EIRS processed films are less pronounced, indicating an increase of crystalline
order through EIRS processing.
Previous studies of photonic crystals fabricated through shear induced self-assembly (see
subsection 3.3.4, Shear Induced Particle Ordering), suggest a preference of these systems to mainly
organise in hexagonally ordered layers, aligned perpendicular to the direction of applied shear
and adopting fcc, hcp or randomly close packed crystal structures. This depends on the specifics
of the interaction between constituent units and the applied stimuli for each system‡.
The existence of close packed hexagonally ordered layers of spheres is consistent, in
principle, with the diffraction pattern for EIRS processed samples, as shown in Fig. 4.8c. Even
so, a layer stacking sequence of the form ABCABC..., corresponding to the (111) planes of the
fcc crystal lattice (Fig. 4.9a, inset), is expected to produce a diffraction pattern with a threefold
rather than a sixfold symmetry, which is characteristic of hcp structures with a stacking sequence
given by the formula ABABAB... for (001) crystallographic planes.
On the other hand, disruption in the perfect sequence of alternating close packed layers
in a crystal structure has as a result the elongation of the reciprocal lattice points along the
propagation direction of the disorder. A reciprocal lattice construction defined by vectors a∗,
b∗ and c∗ and corresponding to a random layer structure is shown in Fig. 4.9a. Diffraction
theory predicts that all the reciprocal lattice points, except for the ones representing diffraction
from (00`) planes, parallel to the stacked layers, would be elongated to infinity31.
In an fcc crystal lattice the expected stacking sequence of the closest packed planes can
be disrupted by stacking faults, such as deformation faults arising when part of the crystal
is sheared along a closest-packed plane (Fig. 4.9b) or growth faults due to an additional
out-of-sequence layer, leading to a twinned structure (Fig. 4.9c). The existence of this 2-D
structure in an fcc crystal environment will tend to elongate the reciprocal lattice points into
rods, normal to the (111) stacking planes, resulting in a sixfold rather than threefold diffraction
pattern from these planes, when random stacking or twinning is considered. In practice, this
broadening effect is strongly dependent on the nature and frequency of the stacking faults and
ways have been suggested to distinguish between them32, with deformation faults producing
an asymmetric broadening and growth faults a symmetric broadening of diffraction peaks in
powder diffraction photographs of fcc crystals.
In the light diffraction measurements described here, no apparent difference in the intensity
between different diffraction spots is observed, suggesting indeed the existence of a sixfold
symmetry due to close packed planes parallel to the surface of the samples, but precise
measurements of the actual intensity distribution along diffraction spots are required in order
to produce conclusive evidence.
Additional characterisation techniques, such as SAXS and SANS (see subsection 3.4.4, X-ray
‡The adoption of bcc crystal structures by melt-pressed latex films, revealed through electron microscopy, has
also been suggested by some studies30.
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Figure 4.9 Effect of disorder in a fcc crystal environment: a, Reciprocal lattice construction defined by vectors a∗, b∗
and c∗, corresponding to a random layer structure. Inset shows the possible registration points ABC for the arrangement
of close packed planes of hexagonally arranged hard spheres. b, Deformation faults in a fcc crystal lattice, arising when
part of the crystal is sheared along a closest-packed plane. The expected stacking sequence ABCABC... is disrupted
and an ABCABABC... sequence is developed. c, Growth faults in a fcc crystal lattice develop due to the addition of an
out-of-sequence layer, leading to a twinned structure given by a ABCABACBA... formula.
and Neutron Scattering) can be used to accurately determine the crystal structure of samples
produced through the use of the EIRS process and experiments employing SAXS have been
under way at the Nanophotonics group33, University of Cambridge.
4.6 Fabrication on a Large-scale
The main advantage of an EIRS based fabrication procedure over other methods of photonic
crystal fabrication (see Chapter 3, Fabrication and Characterisation Methods of Photonic Crystals),
is its ability to produce uniform samples on a large-scale, through a process that can be
potentially integrated in an industrial environment, since most of the constituent steps have
already been adopted by the polymer processing industry34.
Fabricated samples with PBGs engineered in the red and green area of the visible spectrum
are shown in Fig. 4.10a and Fig. 4.10b respectively. Their dimensions are limited to approxi-
mately 8 cm× 3 cm at the widest regions and thickness variations, disrupting their uniform
appearance are evident at the right side of the samples.
Uniform samples with consistent thickness and optical properties were fabricated at the
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Figure 4.10 Polymer photonic crystal samples fabricated with the EIRS method: a, Photograph of a sample with a PBG
engineered in the red area of the visible spectrum. b, Sample with a PBG in the green. Thickness variations are evident
at the right half of the sample. Scale bars correspond to 3 cm. c, Sample with increased uniformity and consistent
thickness throughout its length (>5 m), fabricated through EIRS at the DKI facilities, appearing red in reflection.
facilities of our collaborators at DKI in Darmstadt, with the exact same method, but with scaled
up equipment. These samples have the form of thin ('85 µm thick) polymer films with a width
of 3 cm and length that can extend over several meters (Fig. 4.10c). The samples appear red in
reflected light, with a PBG engineered at '640 nm, corresponding to core-shell particles with
an apparent diameter smaller than '260 nm .
Two series of samples were fabricated at DKI and used for experiments described in this
thesis. Sample series with serial number CS357 (Fig. 4.10c) demonstrated increased uniformity,
with optical and mechanical properties consistent throughout their whole area, but were
produced in limited volume, restricting the number of performed experiments, since testing
of their optomechanical properties resulted in effectively permanent sample deformation. A
second series of samples with serial number CS389-2 were also fabricated, but their quality
was inferior to that of CS357 series samples, as demonstrated through microscope-based
spectroscopy measurements in reflection mode (Fig. 4.11a).
Figure 4.11 Series of EIRS fabricated photonic crystal samples with serial number CS382-2: a, Comparison of optical
spectra, obtained through microscope-based spectroscopy in reflection mode, for CS357 and CS382-2 samples. Dashed
lines show the fitted Lorentzian functions. b, Photograph of a CS382-2 sample region, showing long lines formed at
an angle to the processing direction. c, Region of a sample from the same series, clean from artefacts. Scale bars
correspond to 1 cm.
The parameters extracted from the spectra, representing the optical response of the samples,
were obtained by fitting Lorentzian functions and are shown in Table 4.1 for both series. A small
decrease (9.2 nm) of the resonant wavelength λ is observed for CS389-2 samples, accompanied
by '35% increase of the linewidth ∆λ and a corresponding normalised intensity I reduced by
a factor of 0.26 . The changes in these parameters effectively translate25 to a decrease in the
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thickness of well ordered crystalline regions, a consequent decrease in the amount of order
observed in these regions and a slightly tighter packing of well ordered layers as expressed
through the smaller value of the recorded band gap. Additionally, a quality factor Q = λ/∆λ
can be defined, whose value is smaller by '27% for CS389-2 series samples in comparison to
CS357.
Table 4.1
Comparison of Optical Properties for Different Series of Fabricated Samples.
Optical Response Parameters, as
Extracted from Microscope-based
Spectroscopy Dataa
Sample Serial Number
CS357 CS389-2
Wavelength, λ (nm) 638.0±0.1 628.8±0.1
Linewidth, ∆λ (nm) 47.8±0.4 64.7±0.5
Normalised Intensity, I 0.84±0.02 0.58±0.01
a see Fig. 4.11a.
The differences observed in the optical properties of the CS389-2 series of samples in
comparison to the CS357 series were also reflected in their macroscopic appearance, showing
areas with long permanent lines, oriented at an angle to the processing direction (Fig. 4.11b).
All measurements using this series of samples were restricted to the relatively clear intermediate
areas that did not demonstrate any of these artefacts (Fig. 4.11c), but their presence emphasises
an apparent inconsistency in the properties of these particular samples. The reason for the
observed differences was attributed to the fact that some of the fabrication steps were performed
manually due to the unavailability of required equipment35.
4.6.1 Crystal Structure Orientation: Light Reflection Geometry
In order to verify the crystal orientation adopted by these samples, light diffraction experiments
in a reflection geometry were performed. Diffraction data were obtained using a 257 nm,
frequency doubled, continuous-wave laser beam, incident on the surface of the sample, which
was mounted on a rotatable stage and observing the light diffracted at large angles on a suitable
screen. At this wavelength, where diffraction just becomes visible, the absorption length of
the light inside the polymer films is less than 500 nm36,37, so that only surface and not bulk
diffraction is observed.
The diffraction pattern obtained for a sample positioned with its processing direction in
a horizontal orientation, is shown at the left part of Fig. 4.12a. A graphic representation
of the diffraction pattern anticipated from polymer photonic crystal samples with the same
orientation, superimposed on a real lattice of polystyrene spheres hexagonally arranged in
close packed planes, is shown at the right part of Fig. 4.12a. The denoted vectors pˆ and nˆ define
directions parallel and perpendicular to the processing direction respectively. The diffraction
pattern corresponding to the same sample when rotated by 90°, so that the processing direction
is oriented vertically, is presented in Fig. 4.12b, with the equivalent representations for the real
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Figure 4.12 Diffraction in reflection geometry from polymer photonic crystal samples fabricated in large-scale: a,
Diffraction pattern for a sample positioned with its processing direction in a horizontal orientation and a graphic
representation of hexagonally arranged spheres, with the anticipated diffraction pattern superimposed. Actual diffraction
spots are indicated by the blue arrows, while the bright spot in the centre (enclosed by a red semicircle) arises due to
directly reflected light. Vectors pˆ and nˆ correspond respectively to directions parallel and normal to the processing. b,
Diffraction pattern and equivalent graphic representation for the same sample when the processing direction is oriented
vertically. The blue arrow indicates an actual diffraction spot, while the bright spot in the centre (enclosed by a red
semicircle) arises due to directly reflected light. c, Diffraction patterns for a sample initially positioned with its processing
direction in a horizontal orientation and gradually rotated in 30° intervals from 0° to 90°. d, Conventional unit cell for a
fcc crystal lattice, showing the direction of vectors pˆ, nˆ and cˆ, normal to (1¯01), (12¯1) and (111) crystallographic planes
respectively.
and reciprocal crystal lattices. The necessity for the use of a very steep incident angle (>55°)
and total internal reflection prevented the capture of all the diffraction spots expected in the
diffraction pattern, but rotation of the sample in 30° intervals, reveals diffraction patterns with
a sixfold symmetry (Fig. 4.12c), as expected for closed packed planes of spheres. The observed
diffraction patterns remained unchanged when the 0.9 mm diameter laser beam was targeted
at different areas of the sample. This data is consistent with the diffraction pattern presented
before for light diffraction in a transmission geometry, suggesting that the close packed planes
of spheres are parallel to the surface of these samples and the close packed direction of spheres,
in the close packed planes, is parallel to the processing direction pˆ. Still, due to the fact that
only the structure present on the surface of these samples is being probed by diffraction at this
wavelength, no useful information can be extracted regarding the bulk ordering of samples in
a direction normal to the close packed planes.
TEM measurements on photonic crystal structures, based on the same precursors as the
samples presented here, but fabricated by using a technique of shear induced order through
mechanical compression, have indicated the presence of a fcc crystal lattice arrangement of
the core-shell particles8. This has been primarily attributed to two factors2: On one hand, the
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entropy driven elastic forces, imposed on the hard core spherical particles by the elastomer
chains that form the grafted shell, opposing compression or extension strains and effectively
fixing the particles to their respective lattice sites. On the other hand, the shear flow, induced
to the polymer melt by uniaxial compression, promotes crystal growth, with the close packed
planes of the fcc lattice oriented parallel to the compression plates.
Considering the fact that samples presented here are based on the same underlying mecha-
nism of induced order through self-assembly (with the form of applied external shear being
the only parameter that changes) the adoption of a nomenclature based on a fcc crystal lattice
would be more accurate than one based on a hexagonal crystal lattice, even though the degree
of order in this adopted fcc structure cannot be directly determined by the light diffraction
experiments performed. In that case the closest packed hexagonal planes parallel to the samples’
surface will be described as (111) planes with pˆ and nˆ mutually perpendicular vectors, normal
to (1¯01) and (12¯1) fcc crystallographic planes respectively. The relevant orientation of vectors
pˆ, nˆ and cˆ in the fcc conventional unit cell, defining crystallographic planes (1¯01), (12¯1) and
(111) respectively, is shown in Fig. 4.12d.
4.7 Conclusion
EIRS is a large-scale, self-assembly based method that can produce composite, elastomeric
photonic crystals, through shearing of core-shell particles. The details of the individual steps
comprising this method, starting with the synthesis of the core-shell particles through emulsion
polymerisation, have been presented in this chapter. In particularly, it has been shown how
the formation of the crystalline structure initiates even before the final processing step has
commenced. This is reflected in the microstructure of extruded polymer composite tapes
after rolling, as revealed through microscopy of cross-sections. A zone structure, consisting of
areas with different microstructural order, is detected through optical microscopy and verified
through spectroscopic measurements in DF reflection mode, in agreement with similar effects
typically observed in rheological measurements of non-Newtonian fluids.
This microstructure ceases to exist after the last step of EIRS has been applied, suggesting
a correlation between the improved optical properties of EIRS processed samples and the
homogeneous appearance of their cross-sections. Light diffraction experiments are also per-
formed in transmission mode, revealing a diffraction pattern with sixfold rotational symmetry,
instead of the threefold rotational symmetry characteristic of a fcc crystal structure with {111}
orientation. This effect is attributed to disorder, introduced through the presence of stacking
faults, a common feature, in varying degrees, of all fabrication methods relying on colloidal
assembly.
The potential of the method for scaling up is tested at the facilities of DKI, where uniform
samples in the form of polymer tapes, extending in length over several meters, have been
produced. Two sample batches have been fabricated and supplied, with differences in the
quality of their optical properties observed macroscopically and verified by microscope-based
spectroscopy. Light diffraction experiments in reflection geometry provide information regard-
ing the orientation of their crystal structure, with close-packed planes of spheres appearing
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parallel to the surface of the samples and close packed in-plane directions aligned with the
processing direction. A nomenclature based on fcc crystals is introduced for the description of
crystallographic planes and directions.
The advantages of a fabrication method that has the potential for significant scaling up,
producing samples with increased overall uniformity, are exploited in experiments testing the
combined optical and mechanical properties of these samples, presented in Chapter 5, Uniaxial
Extension Along Principal Directions.
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Chapter5
Uniaxial Extension Along Principal
Directions
5.1 Introduction
The structural nature of the optical properties demonstrated by photonic crystals provides an
obvious route for the fabrication of structures with a PBG tuneable through the application of
different external stimuli (see section 2.4, Applications of Photonic Crystals), relying on the same
principle of changing the effective distance between the periodic planes of constituent units
responsible for the Bragg diffraction of light.
Direct deformation of photonic crystals by an externally applied stress can result in
mechanochromic effects, if a PBG tuned in the visible range of the spectrum has been engineered.
Desired characteristics of such structures include the lack of hysteresis effects, reversibility
of mechanical and optical properties and demonstrated high dynamic range and sensitivity,
features relying at large on the mechanical stability and durability of the material. In order to
achieve this, most approaches focus on composite materials formed by self-assembled colloidal
crystal arrays that are mechanically stabilised through a number of different techniques. These
include direct infiltration of the colloidal crystal arrays with monomers that are polymerised
in situ1,2, encapsulation of the arrays in a hydrogel matrix that is photopolymerised and
crosslinked after swelling with an appropriate monomer3,4, or adopting particles with a core-
shell architecture that coalesce in a crosslinkable polymer network5,6. Alternatively, colloidal
crystal arrays can be self-assembled directly on an elastic substrate7, leading to elastomeric
inverse opals when colloidal templating methods are employed8 or direct opaline structures
when laminating the colloidal crystal with the elastic substrate9.
A typical dynamic range for all these systems lies usually in the range of 50–150 nm, corre-
sponding to a 15–30 % applied strain, although systems incorporating colloidal particles with a
soft, deformable core can be tuned through the entire visible spectrum, withstanding strain
values of 100 % without loss of colour9. Structures that can maintain reversible optomechanical
properties for frequencies as high as 200 Hz have also been reported10.
The mechanical properties engineered in the polymer photonic crystals fabricated through
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EIRS and studied in the context of this thesis, contrast the design objectives of structures
focusing on mechanochromic applications, due to the fact that the polymer matrix, formed by
the combined PEA outer shells of the constituent core-shell particles, has not been chemically
crosslinked. As a result, their mechanical stability and response under applied deformation
is governed by their dual microstructure, consisting on one hand of an entangled polymer
network that relies on the physical crosslinks between the PEA chains grafted on the PMMA
interlayer of the PS spheres and on the other hand on the hard PS spheres themselves, whose
assembly geometry crucially defines the optical properties of the material.
The coupled optomechanical response of CS357 series samples under simple uniaxial
extension along principal directions pˆ and nˆ, as set by the fabrication procedure, has been
studied and the results of this investigation form the core of the current chapter. A small
introduction to the theory of mechanical anisotropy at small strains and finite strain elasticity
is presented, providing the necessary formalism required to consider the individual effect on
the mechanical properties of the material by the dual microstructure present. This is followed
by a description of the experimental setup and methods used for the capture of the material’s
optomechanical response under uniaxial extension, employing microscope-based spectroscopy
and image analysis techniques. The properties of these composite systems are tested under both
DF reflectivity and transmission. Results from experiments in light reflection are compared to
predictions from a hard sphere based model, correlating the recorded optomechanical response
to the material’s microstructure. This link is further explored through light transmission
experiments, probing the bulk volume of the material.
5.2 Mechanical Anisotropy at Small Strains
For small strains the mechanical properties of an anisotropic elastic solid can be described
through a generalised Hooke’s law relating strains ε ij with stresses σkl through the relation
ε ij = Sijklσkl (5.1)
where Sijkl are the compliance constants
11. The strain and stress mathematical representations
correspond to second rank tensors, while the individual compliance constants form the elements
of a forth rank tensor. As a result, Eq. (5.1) expresses in total nine equations, relating the nine
strain to the nine stress components through eighty one compliance coefficients.
The formalism of this expression can be significantly simplified by adopting an abbreviated
notation in which Eq. (5.1) is written as
eI = SI JσJ (5.2)
where eI and σJ can be represented by 3× 3 matrices, with diagonal elements that correspond
to extensional strains and normal stresses respectively. If an orthogonal coordinate system
defined through the analogy 1 ≡ x, 2 ≡ y and 3 ≡ z is adopted, the resulting relationship
between the compliances in normal and abbreviated notation has the form SI J = 2
mSijkl , where
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m is equal to the number of suffixes with value greater than 3 present in SI J , so that for example
S11 = S1111 , S14 = 2S1123 and S44 = 4S2323.
Figure 5.1 Schematic diagram showing the six Poisson’s ratios, expressed as a function of the compliance coefficients
for the general case of a sample with orthorhombic symmetry. All relevant directions are denoted..
The degree of symmetry present in a system can significantly reduce the number of
independent compliance coefficients SI J required for its description, further simplifying Eq. (5.2).
The general case of a solid material slab that has been initially drawn in a direction parallel to
x, with its boundaries represented by mutually perpendicular planes, each one normal to one
of the x, y, z axes, would correspond to a system with orthorhombic symmetry, described by
nine independent compliance constants expressed in the form of a 6× 6 matrix:
S11 S12 S13 0 0 0
S12 S22 S23 0 0 0
S13 S23 S33 0 0 0
0 0 0 S44 0 0
0 0 0 0 S55 0
0 0 0 0 0 S66

The anisotropic nature of the mechanical properties of this system would be expressed through
the three tensile moduli,
E1 =
1
S11
, E2 =
1
S22
, E3 =
1
S33
, (5.3)
the three shear moduli,
G1 =
1
S44
, G2 =
1
S55
, G3 =
1
S66
, (5.4)
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and the six Poisson’s ratios,
ν21 = −S21S11
, ν31 = −S31S11
, ν32 = −S32S22
ν12 = −S12S22
, ν13 = −S13S33
, ν23 = −S23S33
,
(5.5)
where S21 ≡ S12, S31 ≡ S13 and S32 ≡ S23, since strain energy considerations instruct the
representation of the compliance constants by a diagonal matrix. Poisson’s ratio values for
anisotropic materials are not necessarily restricted to the theoretical limits introduced for
isotropic materials, with a much greater range of positive and negative values predicted12.
If we assume a uniaxial applied strain with the two lateral dimensions of the system
being equivalent, the compliance matrix can be reduced to a form with only five independent
compliance constants, while the compliance matrix for a system with cubic symmetry contains
only three independent elements:
SCubic =

S11 S12 S12 0 0 0
S12 S11 S12 0 0 0
S12 S12 S11 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 S44

(5.6)
The experiments described in the context of this thesis correspond to a uniaxial strain applied
along direction x in Fig. 5.1. During deformation, extensional stress σ1 is measured directly
(see section 5.4, Experimental Procedure and Setup), while extensional strain e1 is measured both
directly and indirectly (see section 5.4, Experimental Procedure and Setup and section 5.4.1, Local
Strain Extraction Through Image Analysis respectively). Lateral strains e2 and e3 are measured
indirectly as described in sections 5.4.1 and 5.5.1 respectively.
The simplest form for the compliance matrix in Eq. (5.6) would be for the case of an
isotropic material, with only two independent compliance constants required for the material’s
description. The form of the compliance tensors expressed here for a linear elasticity regime
would also be applicable for linear viscoelastic materials, although compliance constants will
have to be considered as time dependent in that case. This approximation would be suitable for
materials that demonstrate a linear response under applied deformation, generally for small
strains.
In conclusion, this analysis shows that application of a symmetry reduction operation on a
system, not only has a significant effect on its optical properties when these are dependent on
structural order (see Chapter 2, Optical Properties of Photonic Crystals) but can also considerably
complicate the theoretical description of a system’s fundamental mechanical properties. This
becomes of even greater importance for systems incorporating a dual microstructure with
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different symmetry characteristics, like the one studied here. The presence of an fcc crystal
lattice geometry, adopted by the PS spheres that constitute the polymer photonic crystals
studied in the context of this thesis, would introduce an anisotropic mechanical response that
for small strains could be described by a compliance matrix with cubic symmetry, as described
by Eq. (5.6). A different approach would have to be adopted when considering application of
larger strains and plastic deformation of a single crystal structure (see Appendix A).
5.3 Finite Strain Elasticity
If non-linear effects and large strains are to be considered a generalised Hooke’s law will not be
applicable and more complicated theoretical models need to be adopted. In such a case Young’s
moduli (E) and Poisson’s ratios (ν) as defined by Eq. (5.3) and Eq. (5.5) will be expressed as
functions of strain by equations of the form:
E = lim
ε l→0
dσl
dε l
and ν = lim
ε l→0
− εt
ε l
, (5.7)
where uniaxial extension has been assumed, with ε l , σl and εt longitudinal strain, stress and
transverse strain respectively. Tangent moduli and Poisson’s ratios can also be defined for
non-infinitesimal strain values as E(t) =
dσl
dε l
and ν = − εt
ε l
. These definitions have been used
in order to extract tangent modulus and Poisson’s ratio values from experimentally recorded
stress-strain curves, as shown in Fig. 5.6b, Fig. 5.6c, Fig. 6.3, Fig. 6.8b and Fig. 7.1b.
Adoption of a strain tensor expression more suitable for finite deformations, such as the
Green-Lagrange or Hencky strain tensors13, can allow the preservation of a similar formalism
as the one introduced for small strains, assuming that the components of stress are defined
with reference to the equilibrium state of a cubic element in the deformed body. In the case of
an initial cubic unit element that has been deformed to a rectangular shape (Fig. 5.1), finite
strain deformations expressed by a Green-Lagrange strain tensor will be described by strains
and stresses defined in the deformed material state as14
ε11 =
1
2
(c2 − 1), ε22 =
1
2
(b2 − 1), ε33 =
1
2
(a2 − 1) (5.8)
and
σ11 =
f1
ab
= c f1 σ22 =
f2
ac
= b f2 σ33 =
f3
bc
= a f3 (5.9)
respectively, where a, b and c are the corresponding deformation ratios and f1, f2, f3 the applied
loads per unit cross section, referenced to the undeformed state and for principal directions, as
shown in Fig. 5.1.
Using purely thermodynamic arguments it can be shown14 that under these conditions
a constitutive equation for a finite deformation of an isotropic, incompressible solid can be
produced, having the form:
f ∼
(
λ− 1
λ2
)
, (5.10)
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where f is the force per unit of undeformed cross sectional area (nominal stress) and λ =
c = a−2 = b−2, so that a constant volume condition abc = 1 is satisfied. This constitutive
equation matches the equivalent expression derived under the principles of entropic elasticity
of a polymer network15, with materials obeying this relationship known as neo-Hookean16.
In principle, for the composite system studied here the anisotropic mechanical properties of
the fcc crystal structure could be approximated by a generalised Hooke’s law at small strains,
while the elastomeric polymer matrix could be modelled at first approximation under the
principles of finite strain elasticity as a neo-Hookean solid. This would ignore any anisotropic
effects introduced by the microstructure of the polymer matrix and would assume an ideally
elastic response. Simulations based on a micromechanical model that assumes a matrix material
with a stress response to increasing deformation ratio described by Eq. (5.10) are presented in
Chapter 6, Uniaxial Extension Along Non-principal Directions.
5.4 Experimental Procedure and Setup
In order to study the mechanical properties of fabricated samples a Linkam TST350 tensile
stress testing stage (Fig. 5.2) has been employed. The system is based on two precision ground,
stainless steel lead screws, attached to a metal frame. The sample is secured between two
clamping jaws that can move in opposite directions along the lead screws, so that perfectly
uniform vertical and horizontal alignment is maintained during the uniaxial extension. The
separation speed of the clamping jaws can be adjusted in the 1–1000 µm s−1 range and their
relative distance (80 mm maximum) is recorded, with a 10 µm positional resolution. A force
transducer sensor is used to measure the applied force, up to a maximum value of 20 N, with
a 0.001 N resolution. The tensile stress testing stage can be securely sealed by a lid with a
transparent window and the temperature can be controlled accurately (0.01 ◦C resolution)
to a maximum value of 350 ◦C, by a heating element and a temperature sensor positioned
underneath the sample.
Accurate characterisation of samples under strain is possible by performing synchronised
optomechanical measurements. For that purpose the tensile stress testing stage is attached to a
modified Olympus BX51 upright optical microscope (see Fig. 3.5), through the use of suitable
clamps that allow the base of the tensile stage to be mounted onto the microscope substage.
This setup allows for optical micrographs to be captured and microscope based spectroscopy
to be performed while the samples are under uniaxial extension. All measurements are fully
synchronised, with optical micrographs and spectra recorded and combined in sync with
force, relative position of clamping jaws and temperature data, through a software interface
developed by the author in WaveMetrics IGOR Pro.
Optical measurements can be performed in both reflection and transmission modes, but
restrictions implemented by the dimensions of the tensile stress testing stage, limit the closest
possible distance between the microscope objective and the stage to 7.5 mm. As a result all
measurements have been performed by using an Olympus MPLFLN-BD ×5 objective, with a
sufficient working distance of 12 mm.
The samples used for the uniaxial extension experiments were prepared from EIRS processed
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Figure 5.2 Graphical representation of the Linkam TST350 tensile stress testing stage, showing its different components
and the position of the sample. The inset shows an image of an actual sample, still secured by the clamping jaws after
tensile extension and retraction, demonstrating angle dependent structural colour.
polymer tapes by carefully cutting dumbbell shaped sections through the use of a specially
prepared template, in order to direct localisation of deformation towards the middle part of the
samples. The geometry of the prepared specimens corresponds to an axial effective length of
15 mm and their dimensions are denoted in Fig. 5.3, along with the different directions defining
the reference frame used.
Figure 5.3 Geometry of specimens used for uniaxial extension experiments, with relevant dimensions noted along
with the different directions defining the reference frame used. The angularity in the boundaries of the specimens’
representations has been exaggerated in order to improve the clarity of the denoted dimensions.
5.4.1 Local Strain Extraction Through Image Analysis
The data recorded by the tensile stress testing stage controller provide information on the
extension of the samples in a direction parallel to the applied strain only. The locally induced
strains in directions both parallel and normal to that of the applied force can be extracted from
the recorded optical micrographs, through the use of an image-tracking algorithm, developed
by the author in WaveMetrics IGOR Pro17. The positions of impurities and imperfections on
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the surface of the polymer films are tracked and their relative coordinates recorded as they
change with the applied deformation.
The operation principle of the image-tracking algorithm is demonstrated in Fig. 5.4. Suit-
able defects, impurities or other imperfections on the polymer’s surface are selected before
deformation, when the nominal axial strain is still 0%, as shown in Fig. 5.4a, where the points of
interest have been marked from A-G on the optical micrograph. The success of the developed
algorithm depends on the characteristics of the specific impurities and imperfections and the
way they deform and develop in relation to their background under the applied strain. As
a result a trial and error process is followed before suitable defects are selected and accurate
results can be obtained. The selection criteria focus on defects with clear edges in comparison
to their background, aligned as closely as possible to the transverse and axial axis of the
specimen and located symmetrically around the centre of the image, localised in a way that
minimises the representative area element, while still remaining in the frame for relatively
large values of the applied strain. This was the case for most of the samples examined here,
but when features with the required characteristics and locality are not present, average strain
values over a larger representative area element can be calculated, as shown in Fig. 5.4. During
the experiment, images are recorded every 3.3 s in ×5 magnification and 800× 600 pixels
resolution, corresponding approximately to a 1.83 µm/pixel ratio.
In Fig. 5.4d an optical micrograph of a CS357 series sample at an applied nominal axial
strain of 33% is shown and the same points of interest are again marked. The overlapping
shaded effective area corresponds to the size of the representative area element, occupying
approximately 0.46 mm2. The extraction of both axial and transverse strain distribution is
performed by calculating the distance between the centres of successive pairs of points. The
midpoints of the relevant pairs are denoted in Fig. 5.4d with red and blue points for transversal
and axial distances respectively. The axial εXBF and transverse εYBA strains for two representative
pairs of points AB and BF respectively, are calculated through relations of the form:
εYBA =
YB −YA
YB0 −YA0
and εXBF =
XB − XF
XB0 − XF0
, (5.11)
where YA0 , YB0 , XB0 , XF0 initial and YA, YB, XB, XF current positions of marked points for the
transversal (Y) and axial (X) directions.
Similarly, more appropriately for highly deformable materials18, the true strain (Hencky
strain) for the same representative pairs of points is defined as:
eYBA = ln
(
YB −YA
YB0 −YA0
)
and eXBF = ln
(
XB − XF
XB0 − XF0
)
(5.12)
The extracted values of the true transverse and axial strain from different pairs of successive
points are presented in Fig. 5.4b and Fig. 5.4c as a function of the transverse and axial distance
respectively, with dotted lines connecting them to the corresponding midpoint values. The
variations observed for both axial and transverse true strain could be mainly attributed to the
inhomogeneous distribution of the locally measured strain on the polymer surface and also to
5.4 Experimental Procedure and Setup 73
Figure 5.4 Extraction of true strain through image analysis: a, Optical micrograph of a polymer photonic crystal sample
at ×5 magnification, just before deformation when axial strain is still 0%. A number of surface imperfections have been
marked as points of interest. b, c, Values of true transversal (b) and axial (c) strain as a function of transversal and
axial distance on d, An optical micrograph of the same polymer sample under deformation, when a 33% nominal axial
strain has been applied. The points of interest are again marked, defining a representative area element (shaded). The
midpoints corresponding to transversal (red) and axial (blue) distance differences are also denoted. The arrow indicates
the direction of applied axial strain. e, Optical micrograph of the sample at 100% nominal axial strain, with the edges
of the points of interest (A-F) becoming increasingly difficult to resolve. e, Average true axial (blue dotted line) and
transversal (red dotted line) strain as a function of deformation time, with corresponding uncertainties shown as solid
colour curves.
the fact that different surface imperfections can deform in distinctively dissimilar ways with
increasing applied strain, resulting in a varying degree of difficulty for imperfections to blend
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in or stand out from their background. As a result the average true strain for all the points
of interest contained in the representative area element has been calculated, corresponding to
values of 0.29± 0.01 and −0.86± 0.05× 10−1 for axial and transverse true strain respectively,
in the case of 33% applied nominal axial train, depicted in Fig. 5.4d.
For larger values of applied strain the edges of the monitored defects become harder to
resolve, as shown in Fig. 5.4e for 100% nominal applied axial strain and eventually all the
selected imperfections blend in with their background for large enough values of applied strain,
in which case the detection algorithm fails to produce meaningful results. The average true
strain with the corresponding uncertainty as extracted from a series of captured images of a
sample during deformation is shown as a function of time in Fig. 5.4f, for both the axial and the
transverse directions and up to a maximum value of 25.2 min. As expected, the uncertainty of
the extracted data for both directions gradually increases with increasing strain, although slight
decrease is observed in the true axial strain uncertainty for time values over 1360 s, indicating
a decreased degree of local strain variation.
A number of other image analysis based techniques, that can be used for the extraction
of strain during uniaxial deformation of polymer based samples, include monitoring of ink
markers printed on the polymers’ surface prior to deformation19 and analysis of a regular grid
that has been applied on the polymer surface through a silk-printing process20. Even more
accurate results can be obtained by Digital Image Correlation methods (DIC), through the
process of matching subsets of pixel gray-value patterns between sequential images, extracting
2-D21 and 3-D22,23 strains. These methods depend on the presence of a random speckle
pattern on the surface of the samples, which can be obtained by coating the samples with
black rubberised paint and lightly spray painting them white24, using ink to apply the speckle
pattern on the samples’ surface21,23 or illuminating the specimens with a laser and capturing
the spatial variation of the reflected light due to surface imperfections25.
Although sub-pixel resolution can be achieved through some of these methods, the alteration
of the optical properties of the samples during the experimental procedure is a common feature,
making them unsuitable for the extraction of local true strain while simultaneously performing
spectroscopic measurements. On the other hand, the method described here, combining
synchronised data provided by the tensile stress testing stage controller, image analysis of
optical micrographs and microscope based spectroscopy, can provide information about the
local strain distortions of polymer based photonic crystal samples in real time.
5.5 Optomechanical Anisotropy in DF Reflectivity and Transmission
The method of combined, synchronised optomechanical measurements, described in the
previous section, has been applied to the EIRS fabricated samples with serial number CS357. In
order to investigate the coupled mechanical and optical properties of these samples, uniaxial
extension experiments have been performed, with a linear strain applied along each one of the
main principal axes of the specimens, corresponding to a direction either parallel (pˆ) or normal
(nˆ) to the direction of processing, as set during fabrication26.
The relative orientation of the dumbbell shaped strips used for the experiments, in relation
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Figure 5.5 Relative orientation of the dumbbell shaped polymer strips in relation to the geometry of the fcc crystal lattice,
when samples are stretched in a direction a, Parallel (pˆ=[1¯01]) or b, Normal (nˆ=[12¯1]) to the direction of processing.
to the geometry of the fcc crystal lattice, is shown in Fig. 5.5a and Fig. 5.5b for extension along
pˆ and nˆ respectively. The synchronised microscope based spectroscopy measurements were
performed in a direction normal to (111) crystallographic planes, in both DF reflectivity and
transmission mode, with all experiments carried out at room temperature T = 300 K.
5.5.1 DF Reflectivity Mode
The mechanical response of the polymer films is anisotropic for the two different directions of
applied strain, as shown in Fig. 5.6a, where nominal stress-strain curves are presented for both
directions of extension, at two different applied strain rates of 10 and 200 µm s−1.
All recorded stress-strain curves show similar features, with stress rising initially in a
non-linear fashion with increasing strain, up to a local maximum, corresponding to the yield
point of the material. This is followed by a strain softening effect, expressed by stress decreasing
to a local minimum for intermediate values of strain, before it increases again for larger strains
(ε > 65%). The anisotropic mechanical properties of these samples are demonstrated by the
consistently higher values of recorded stress for extension in the nˆ direction, compared to the
stress values for the same strain along pˆ, leading to a higher yield stress for nˆ oriented samples.
This anisotropic effect seems to be enhanced for the stress-strain curves corresponding to a
×20 higher strain rate, where the yield stress for the nˆ orientation is '35% larger than the
recorded value for extension in the pˆ direction. This trend continues to apply for large strains
as well, with nˆ oriented samples demonstrating pronounced strain hardening, even though
this effect is generally more distinct for the high strain rate data, irrespective of the direction of
deformation.
Experiments have been performed for four different pairs (pˆ and nˆ oriented) of samples and
anisotropic properties have been reproducible for all these data sets. In particular for extension
at the lower strain rate, three different pairs of data sets were obtained. The reproducibility
of the results can be demonstrated if we consider the degree of anisotropy to be reflected in
a parameter ξ =
∣∣σpˆ − σnˆ∣∣, where σpˆ and σnˆ are the yield stress values for extension along
pˆ and nˆ respectively. The calculated average value of ξ for these three pairs of data sets is
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Figure 5.6 Mechanical properties of polymeric photonic crystal samples for uniaxial extension along two of the main
principal axes: a, Nominal stress-strain curves for polymer films stretched along pˆ and nˆ directions, at strain rates of 10
and 200 µm s−1. b, Instantaneous tangent modulus, extracted from the stress-strain curves and plotted as a function
of strain for the two different directions of extension and applied strain rates. c, Poisson’s ratio for the two transverse
directions y and z, in plane and perpendicular to the plane respectively.
ξavg = 0.10± 0.01MPa.
Rubber elastic materials typically demonstrate S-shaped stress-strain curves under uniaxial
extension27 but in comparison to the data presented here strain softening is greatly enhanced,
while strain hardening appears diminished. This can be attributed to the fact that the PEA
polymer shell has not been crosslinked, contributing to the viscoelastic mechanical properties of
the composite system studied here, as demonstrated by the differences observed in stress-strain
curves corresponding to low and high strain rates.
Indeed, even though the constituent units used for the fabrication of these polymer based
photonic crystals appear as independent particles with a core-shell structure, the system
becomes composite, featuring a dual microstructure, as soon as the particles are assembled in a
unified arrangement through the application of shear.
It has been shown before for similar systems28, that a deformation mechanism based
purely on the distortion of an isotropic matrix can be too energy consuming to describe their
mechanical response, with a model based on the combined deformation of the matrix and the
geometric rearrangement of the hard core particles more suitable. Crucially, for the polymer
based photonic crystals described here, the nature of the polymer matrix is different, relying
primarily on entanglements rather than chemical crosslinks. As a result, the shape of the
recorded stress-strain curves resembles more closely the ones predicted by theoretical models
for uniaxial extension of structures constituted by isotropic networks of entangled ideal polymer
chains29. In that framework, yield is attained through overcoming the intermolecular resistance
to chain segment rotation, strain softening is attributed to localised deformation, manifested
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as micro-shear banding due to the initiation of plastic flow, causing molecular alignment that
drives the corresponding strain hardening. This interpretation of strain hardening, based on the
decrease of the systems configurational entropy, due to the close packing of aligned extended
polymer chains, has also been applied to elastomeric materials deformed to high strains15. Such
an approach in relation to data presented in Fig. 5.6a, would indicate an increased capacity of
the entangled polymer network to accommodate molecular alignment and strain of polymer
chains for extension along nˆ, possibly due to a pre-existent orientation. Still, it should be
noted that the PEA matrix in these composite materials does not necessarily adopt a structure
identical to that of the bulk PEA, resulting in a different mechanical response.
Data provided by our collaborators at DKI reveal more information regarding the molecular
weight distribution of polymer chains in the matrix material. In particular, measurements of
the isolated PEA matrix show a peak molecular weight of M = 1× 105g mol−1 and based on
that value the likelihood for entanglement of the polymer network surrounding the PS spheres
can be estimated30.
For the monomer’s (C5H8O2) molecular weight m0 = 100 g mol−1 the number of backbone
bonds per chain can be estimated to be n = 2000. Assuming the mean PEA bond length to be
l = 0.15 nm, an estimation of the radius of gyration Rg and the corresponding volume Vchain
occupied by each of the PEA chains can be derived according to the formula30
Vchain ∼ 〈R2g〉
3
2 =
(
1
6
C∞nl2
) 3
2
, (5.13)
where C∞ is the characteristic ratio, defined31 as the ratio of the actual unperturbed mean-
square end-to-end distance to that of a freely jointed chain. For atactic PEA a value of
C∞ = 9.76 can be adopted31, and as a result according to Eq. (5.13) Vchain ∼ 630 nm3. The
number of repeat units in each chain is going to be M/m0 and accordingly the concentration
of repeat units for each chain will be M/(m0Vchain), or approximately 2 monomers per nm3. On
the other hand, the concentration of all repeat units will be NAρ/m0, where NA Avogadro’s
number and ρ = 1.13 g cm−3 the density for atactic PEA. That corresponds to a value ∼ 7 nm3,
more than three times larger than the concentration of repeat units for each chain, indicating
interpenetrating PEA chains and suggesting a high likelihood for the existence of an entangled
polymer matrix.
In a more detailed analysis both the effect of the PS spheres and the fact that PEA chains
are grafted on the surface of these spheres should be considered, with the grafting density
affecting their length. Even in such a case though, a large grafting density would correspond
to further extended PEA chains, supporting the assumption of an entangled polymer network
comprising the matrix material.
Entanglements have a topological origin due both to physical connections between polymer
chains and their uncrossability. The behaviour of such an entangled polymer network to
deformation will be highly dependent on the timescale of the deformation. At large timescales
the material is expected to flow while chains move through reptation32,33, breaking and
reforming entanglements. At times smaller than a characteristic relaxation time, polymer
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chains will not be able to relax through diffusion and the polymer network will be expected to
demonstrate elastic behaviour similar to that of a chemically crosslinked network. A crucial
difference between entanglements and chemical crosslinks is the fact that the latter are covalent,
strong links and as a result a reversible elastic response would be expected even at timescales
that a network based on entanglements would flow and deform plastically. Also, in contrast to
chemical crosslinks, entanglements demonstrate a temperature dependence. For an entangled
polymer network, pre-orientation is possible, with chains preferentially aligning towards the
processing direction, although it should be noted that both pre-orientation and re-orientation of
such a polymer network is a three-dimensional effect34. Under these conditions polymer chains
will be extended in a state of reduced configurational entropy, increasing the required applied
stress for the material’s deformation in that direction. The development of molecular orientation
and relaxation are competing effects and their balance can determine the development of texture
in the matrix material. When such a pre-oriented network is subject to uniaxial deformation
then polymer chain disentanglement and re-orientation effects will take place, depending on
the direction of extension. Disentanglement of polymer chains is associated with localised
deformation phenomena such as crazing35 and shear banding or even a combination of both,
depending on the density of entanglements.
The effect of molecular orientation has been shown to be far less pronounced in the small
strain, elastic regime36 and indeed the presence of a small initial anisotropy is demonstrated in
Fig. 5.6b where the instantaneous tangent modulus has been extracted by differentiating the
curves of Fig. 5.6a. It is evident that the stress increase is non-linear, even for very small values
of strain, providing only an estimation of the Young’s modulus (Eq. (5.7)) for these composite
systems. The value of the tangent modulus is different but comparable for the two different
directions of extension, when strain is initially applied, with the stress-strain curve appearing
steeper for extension along nˆ, up to the point that the tangent modulus drops to zero and
the material yields. The same behaviour is observed for the higher strain rate data, but it is
enhanced, with values of the tangent modulus for the two directions of extension differing
by '1.6 MPa for the initial applied strain. The recorded values of the yield strain seem to be
independent of the direction of applied strain, with the material yielding at 28% and 35% strain
for the low and high strain rate extension respectively. The augmented differences between the
initial tangent modulus for the different directions of extension appearing at increased strain
rates, imply an initial anisotropy present only in the viscoelastic polymer matrix.
The dynamic Poisson’s ratio (νy,z), defined as the negative ratio of transverse to longitudinal
strain, throughout the deformation process and not only for small strains (Eq. (5.7)), is shown
in Fig. 5.6c, with the relevant strains extracted through the combination of image analysis (νy)
and microscope based spectroscopy of the fcc crystal (111) planes (νz). It verifies the anisotropic
nature of these specimens, with a larger observed contraction along the transverse direction
y when stretched along pˆ and faster z compression of the self-assembled layers when the
material is stretched along nˆ. The curve representing νz, when extensional deformation takes
place along nˆ, displays additional features that can be attributed to the method used for the
extraction of z transverse strain, relying on the samples’ optical properties, which are more
complex for the nˆ orientation.
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Due to the tight coupling between mechanical and optical properties of these photonic
crystals, their anisotropic behaviour extends to the observed optical domain. The application
of external strain changes the lattice plane spacing in different directions, leading to new
scattering effects, recorded through microscope based spectroscopy in DF reflectivity mode,
as shown in Fig. 5.7. The spectroscopic maps, presented as a function of strain (Fig. 5.7a), are
assembled by combining the individual recorded scattering spectra (Fig. 5.7b) for each of the
two different directions of extension.
Figure 5.7 Microscope based spectroscopy in DF reflectivity mode, for samples under uniaxial strain along each of the
principal axes. a, DF Bragg scattering spectra as uniaxial strain increases, using a false colour contour shading, for
increasing strain along the pˆ and nˆ directions of extensional deformation. b, Selected spectra for increasing strain ε,
when stretching the polymer films along pˆ. Dotted lines indicate fitted Lorentzian curves.
The spectrum is, as expected, dominated by the (111) Bragg peak for fcc polymer photonic
crystals37. For extension in the pˆ direction only the single (111) scattering peak is observed,
blue shifting up to a strain of 50%. In contrast, during extension along nˆ the rate of blue
shifting for the (111) peak is higher and additional features emerge. A short wavelength peak
redshifts for strains larger than 10% and additional lower and higher energy peaks are observed
for strains above 40%, when the (111) peak disappears.
These induced anisotropies are more clearly seen by extracting the centre wavelength,
linewidth and intensity of the resonant peaks, as shown in Fig. 5.8. The underlying crystal
lattice for ε=0 is thus differently split by the action of strain in the two different directions.
Below the yield strain (indicated by a dashed line), the (111) plane Bragg wavelengths blueshift
almost monotonically (Fig. 5.8a), at a rate almost double for nˆ orientations (with ∆λλ = 61% per
unit strain) than pˆ (∆λλ = 35%). Similarly the linewidth, which is a measure of the disorder in
the system38, linearly increases by 20% for nˆ while remaining unchanged for pˆ (Fig. 5.8b). The
appearance of a local maximum, observed only for extension along nˆ, is a consequence of the
interaction between the dominant (111) peak and additional resonant peaks that emerge with
applied deformation. It appears for a strain value almost identical to the yield strain of the
material, as seen in the relevant stress-strain curve. It indicates the anisotropic way that the
composite material reacts to deformation with a different structural rearrangement of (111)
spheres necessary for extension along nˆ (inset of Fig. 5.8b).
Above the yield strain, this anisotropy becomes extreme with the disappearance of the nˆ
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(111) Bragg peak at ε=40% when the red- and blueshifting peaks meet. Comparable anisotropy
is seen in the Poisson’s ratio νy (Fig. 5.6c), which at low strains is '0.5, a value expected for
perfectly elastic materials, decreasing considerably as the lattice deforms, with an anomalously
enhanced film thickness contraction νz seen in the nˆ direction.
Figure 5.8 Extracted parameters from fitting Lorentzian curves on DF reflectivity spectra: a, Dominant resonant peak
wavelength for applied strain in pˆ and nˆ directions. The inset shows the reduction in scattering efficiency as a function of
strain. b, Extracted linewidths for samples stretched in the two different orientations. The dotted line indicates the yield
strain value and light coloured bands indicate the relevant error associated with each curve. The inset shows movement
of (111) plane spheres for different strain directions..
The dominant resonant peaks that have been recorded through microscope based spec-
troscopy, reflect the separation of (111) crystallographic planes and through that the transverse
strain along z can be extracted. Combined with the samples’ contraction in the y transverse
direction, as determined through image analysis, this can provide the means for an estimation
of the true axial stress s, shown as a function of true strain e in Fig. 5.9a for values up to
e = 20%. The recorded true stress shows an increase by a factor of '10 in comparison to
the corresponding nominal stress depicted in Fig. 5.6a, mainly due to the fact that true stress
calculations take in account the decreasing cross sectional area of the samples during applied
uniaxial deformation. A consequence of the way that the z transverse strain has been extracted,
relying on the optical properties of these polymer photonic crystals, is the limitation of the true
stress calculation to maximum strains of 20%, due to the increased complexity of the observed
optical properties for extension along nˆ.
This restriction does not apply to extension along pˆ, as shown in the inset of Fig. 5.9a,
where the corresponding true stress is plotted as a function of true strain for values as large as
e = 45%. A strain softening effect is still present, although slightly decreased. This suggests
that the origin of the nominal stress reduction, observed when the yield strain value has just
been exceeded, could only partly be attributed to limited localised deformation, having a strong
component of intrinsic nature.
The recorded evolution of the samples’ cross sectional area during uniaxial deformation can
be combined with the monitored value of axial strain, in order to provide an estimation of the
volume strain eV = ex + ey + ez, with ex, ey, ez the corresponding true (Henky) strains, plotted
as a function of strain ε in Fig. 5.6b. The fundamentally anisotropic response of these samples
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Figure 5.9 True mechanical response of polymer photonic crystal samples, as recorded through calculations combining
parameters extracted by optomechanical measurements and image analysis techniques: a, True stress (s) as a function
of true (Hencky) strain (e) with values as high as 20% and for uniaxial extension along pˆ, nˆ. The inset shows the same
data for extension along pˆ and e as large as 45%. b, Volume strain ev as a function of strain ε, calculated for extension
along pˆ and nˆ. Faint traces correspond to ε > 20%, where data become unreliable due to their dependence on the
samples’ optical properties.
is again evident, with the volume strain increasing for extension along nˆ and decreasing for
extension along pˆ at comparable average rates (ε 6 20%). For nˆ oriented samples eV increases
almost linearly with applied strain to a value of ' 2% for ε = 20%. On the other hand, for
extension along pˆ the volume strain adopts an almost constant value for strain up to 10%, after
a steep initial decrease and before reaching a minimum value of ' −0.02 at ε = 20%.
The uncertainty on the volume strain value depends on the corresponding uncertainties on
the values of ex, ey and ez. The uncertainties for the axial and transverse true strains (ex and
ey respectively) can be estimated at 3% and 6% respectively, for a representative applied true
strain smaller than 33% as demonstrated in subsection 5.4.1, Local Strain Extraction Through
Image Analysis. The uncertainty on the ez value can be extracted from the error bars in Fig. 5.8a
and is more than two orders of magnitude less than uncertainties for ex and ey. This is a
reflection of the fact that the peak value extraction algorithm employed is working well but
does not provide information on how well the recorded blue shifting of dominant (111) peaks
correlates with the actual compression of the films on the z direction. For example lack of
structural order in the material would result in absence of colour change, even though the
material is still been compressed. Despite this limitation we can still estimate the error on the
volume strain value at '15% for axial strains smaller than 20%.
Similar arguments can be applied on estimating the uncertainties of other quantities mea-
sured, since most of them have a direct or indirect dependence on at least one of the transverse
strains and the axial strain. Again, using the same approach used for the uncertainty calculation
of the volume strain would correspond to uncertainty values of approximately 9% and 3% for
νy and νz respectively. The uncertainty for the recorded stress values are dominated for small
strains by the limitations introduced by the maximum resolution of the tensile stress testing
stage’s force sensor but is greatly reduced as strain (and correspondingly stress) adopt larger
values. As already described a specific template has been employed for the preparation of
all dumbbell shaped samples limiting the uncertainty in the original dimensions of the unde-
formed samples to less than 1%. The cross-sectional dimensions of undeformed samples were
measured with an optical microscope at high magnification and a measurement uncertainty of
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approximately 2%. As a result the corresponding uncertainties for both nominal stress and
strain could be estimated at . 4% for stress > 0.05 MPa and strain . 33%. For stresses smaller
than 0.005 MPa uncertainty exceeds 20%.
Other possible sources of error for recorded stress could include slipping of samples from
their mounting points during deformation and the effect of localised deformation for recorded
strain. Comparison between axial strain data extracted through image analysis and recorded
by the tensile stress testing stage controller showed similar results, suggesting that these
sources of error are unlikely in the experiments performed and described here. What is more,
macroscopic localised deformation on these samples would be easily detected upon inspection
due to observable colour change sample regions. On the other hand localised deformation on
a microscopic level would not be detected due to the low magnification used and would be
reflected mostly on the strain along z that depends on spectroscopic data.
As a result, due to the indirect way that the volume strain is extracted, relying on the
relationship between the peak wavelength of the dominant resonant peaks and corresponding
separation of the polymer spheres layers, its value can only be considered to be an approxima-
tion, and its calculation method becomes unreliable for strain values larger than 20% (shown as
faint traces in Fig. 5.6b). Yielding and consequently plastic deformation of the material would
still result macroscopically in uniaxial extension (measured through the image analysis method)
but microscopically re-arrangement of the core-shell particles would make the spectroscopic
extraction of strain unreliable. This can become more evident if we consider even larger applied
strains when although the material’s thickness will continue to decrease the lack of structural
order and consequently colour would make the extraction of z transverse strain through spec-
troscopic methods impossible. Despite these limitations, we consider the physical meaning of
eV and its relation to the underlying dual microstructure of these composite materials.
Assuming a close packed fcc crystal structure of PS hard spheres, any strain induced
structural transition will result in a volume increase, with the packing fraction deviating from
the ideal value (74%) This approach is thus not able to account for the strain volume decrease
observed for extension along pˆ. On the other hand, taking into account the non-close packed
nature of the material’s structure means that any strain induced volume variation will have
to be accommodated by the molecular network forming the polymer matrix. This additional
microstructure will be determined not only by the external stress applied to the samples, but
furthermore, any change of orientation of the polymer macromolecules will also be subject to
the constraints implemented by the arrangement of the polymer spheres. As a result, the PEA
matrix in these composite material will not have the same structure that this polymer would
adopt in the bulk, nor is it expected to behave in an identical way under applied deformation.
We could draw an analogy to semicrystalline polymers, systems that despite being funda-
mentally different to the one studied here also exhibit a dual microstructure with constituent
units of different structural nature. In that framework, microscopic mechanisms that can have
an effect on the volume strain39 of the amorphous polymer network featured in the composite
material tested here would include on one hand elastic expansion40 and/or cavitation, resulting
in a volume strain increase and on the other hand compaction of the amorphous polymer
chains in the matrix due to a shear strain induced structural reorganisation41, causing the
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volume strain to decrease.
Microvoid formation or cavitation could also provide a possible explanation for the observed
increase of volume strain eV , but debonding of the PS spheres is highly unlikely to take place
due to the synthesis method followed during the fabrication of this particular composite system.
The small concentration of the induced carbon nanoparticles also suggests that their interaction
with the uncrosslinked matrix cannot interpret42 the extracted volume expansion for extension
along nˆ.
The dual microstructure, present in the composite systems studied here, suggests a con-
nection between structural transitions that involve either the hard PS spheres or the soft PEA
matrix. As a result, a localised rearrangement of the polymer spheres could cause a strain in-
duced alignment, resulting in the compaction of polymer chains along certain crystallographic
directions and leading to a volume strain decrease. Accordingly, for extension along nˆ a volume
strain increase could be caused by localised elastic expansion, an approach that would also
be compatible with the pronounced strain hardening effect observed for extension along nˆ, in
comparison to pˆ and for larger strain values.
Theoretical Predictions: A Hard Sphere Based Model
In order to better understand this behaviour we can consider a sphere packing model in which
an initial fcc lattice undergoes a structural transition under applied strain26 (Fig. 5.10). This
model has been developed in our group by Prof. Jeremy Baumberg, who has written the
relevant code in WaveMetrics IGOR Pro, kindly providing the results. The model assumes
that the (111) plane (forming the upper and lower faces of the sample strips) of the initial
fcc lattice, deforms but does not rotate when strained. The hard spheres, representing the
constituent units of the polymeric material, maintain their close packing arrangement during
deformation and as a result the motion of individual spheres is completely constrained by this
model. This is demonstrated in Fig. 5.10a and Fig. 5.10b, where the primitive unit cell of the fcc
crystal lattice is shown before (Fig. 5.10a) and after (Fig. 5.10b) applied extensional deformation
in the pˆ direction. The hard spheres corresponding to the undeformed primitive unit cell
vectors (a0, b0,c0), maintain contact with the remaining unit cell spheres under extensional
deformation, so that the magnitude of the primitive vectors always remains constant and equal
to a sphere diameter (‖a′‖ = ‖b′‖ = ‖c′‖ = 2R), while their relative angles diverge from the
initial value of 60° for the undeformed, rhombohedral unit cell. Calculations performed under
the principles of this model, indicate a gradual transition of the cubic based conventional unit
cell for the fcc lattice to a F type monoclinic unit cell, with only two of the original vectors
maintaing orthogonality. The representation of this lattice can be further reduced to a C type
monoclinic unit cell, as shown in Fig. 5.10c.
Resolving the direct space and reciprocal space lattices as strain is applied in the two
different directions allows the plane spacings and orientations to be extracted (Fig. 5.11).
Immediately after the fcc lattice is deformed into a structure of lower symmetry, new formally
forbidden Bragg peaks become visible, breaking the condition imposed by Eq. (2.14)). As a
result of this effect, redshifting {112} planes appear only for strain applied in the nˆ direction.
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Figure 5.10 Hard sphere based model predicting the evolution of the initial fcc crystal structure under applied strain: a,
Primitive unit cell of an fcc crystal lattice, consisting of closed packed hard spheres replicated by vectors a0, b0 and
c0. b, The same structure under strain applied along pˆ. All the spheres maintain contact with each other during the
deformation of the structure, except for the ones along the direction of applied strain (indicated in red). The crystal lattice
is now represented by the modified primitive vectors a′, b′ and c′, having the same magnitude as before but forming
different relative angles. c, Diagram demonstrating that an F monoclinic cell can always be described by a C monoclinic
cell through the transformation x′ = x, y′ = y and z′ = x+z2 .
For larger strains the (110) planes also become visible at high angles. This seems to be in
accordance with high angle structural colour observed for samples subjected to high strains43
('80%), as shown in the inset of Fig. 5.11c for a pre-stretched polymer strip that has been
placed around a cylinder’s periphery. This is in complete contrast to the normal blueshifted
colour effects.
An estimation of the yield strain can also be deducted from a model of close packed hard
spheres, by assuming that macroscopic strain in these systems can produce glide in octahedral
planes of the fcc crystal, leading to plastic slip through partial dislocations44, when the close
packed sphere layers rise sufficiently over each other45,46 (Fig. 5.11). The required increase in
the {111} slip plane spacing, for a sphere sat in the triangular well between three touching
spheres, in order to move to the saddle between two of the spheres, is
√
9
8 − 1 = 6% expansion
(horizontal dashed line, Fig. 5.11b). The hard sphere based model predicts the expansion of this
(1¯11¯) layer spacing for the two different stretch directions, exceeding the 6% critical threshold
at strains of '20% for both pˆ and nˆ, compared to the measured yield strains, that correspond
to values of 28% and 35% for the lower and higher strain rates respectively.
A similar interpretation has also been proposed for the variation in mechanical strength
(25-30%), observed during elongation experiments between composite polymer films, that
feature either highly periodic or completely random structures47. For well ordered films,
a structural rearrangement due to shear in (111) planes of the fcc crystal structure present,
promotes easy slip and corresponding macroscopic deformation, while for disordered films a
different mechanical response is observed due to a random distribution of rigid inclusions that
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Figure 5.11 Spacing and orientation of crystallographic planes as predicted by a model of close packed hard spheres:
a, Schematic of the model, showing how extension along [1¯01] (black arrows) can lead to shear along (1¯11¯) (purple
arrows), which pulls close packed planes apart, enough to allow slip (blue open arrow). b, Planar separation, showing
blueshifts of (111) for strain along pˆ and nˆ directions. Plastic slip through partial dislocations corresponds to a 6%
separation of close packed planes (horizontal dashed line), which occurs for (1¯11¯) planes (red and blue dashed line).
Strength of diffraction is shown as the intensity of each point. c, Angle of diffraction from normal to film surface. The
inset shows an image of a polymer strip, pre-stretched to a maximum strain value of '80%, wrapped around a cylinder,
showing high angle red scattering. Figures a-c provided by Prof Jeremy Baumberg (with the exception of the inset) and
also appear in Ref. [26].
block octahedral slip.
In contrast, for the samples studied here the proposed hard sphere based model assumes
an undeformed structure which is described by a perfect fcc single crystal. As a result, yield
initiation for each direction of extension, would be expected to be dependent on the values of
the relevant Schmid factors48. These define the critical resolved shear stress and consequently
the number of active crystallographic planes and corresponding close packed crystallographic
directions for which slip takes place49 (see Appendix A). The effect of disorder would become
significant for larger applied strains and the development of dislocations in the crystal structure,
interacting in different ways for different directions of extension, could contribute to a strain
hardening effect, reflected in the recorded stress-strain curves. This would be consistent with
both experiments and theoretical predictions involving either atomic50 or colloidal46,51 crystals,
in spite of their Young’s modulus values, which are greater by 5 and smaller by 6 orders of
magnitude respectively, in comparison to the system studied here.
Even though this model predicts a yield strain independent of the direction of extension
(for deformation along pˆ and nˆ), it cannot account for the strain rate dependence of the
experimentally observed yield strain, neither does it provide a quantitative interpretation
of the elastic anisotropies observed in these polymer based photonic crystals. As a result,
progression of this simple model to accurately accommodate the mechanical properties of these
samples would require consideration of the dual microstructure featured in these composite
samples, with a full characterisation of the microscopic viscoelastic properties of the soft shell
surrounding the hard cores, under both shear and compression. Such an approach, considering
the model’s assumption for sphere movement under the strict condition that spheres always
86 Uniaxial Extension Along Principal Directions
maintain contact, would translate to the necessity for a description based on a nonaffine
deformation criterion for the surrounding polymer network. It should also be noted that this
hard sphere packing based model does not predict the strong discontinuities in the optical
properties, observed for deformation along nˆ when strain reaches values of '40%. According
to the model assumptions, a possible internal rearrangement of spheres within the structure, in
order to avoid sphere collisions, would be expected for such higher values of imposed strain.
As a consequence of its reliance on a perfect close packed fcc single crystal structure,
this model ignores both the effect of any initial lattice defects and the fact that in these self-
assembled systems the hard PS cores are separated by the interweaving PEA soft shells,
effectively forming a non-close-packed structure instead. In addition, the consideration by this
model of macroscopic plastic deformation propagating through partial dislocations, in analogy
to the mechanism of deformation in fcc metals52, would require these dislocations to appear
in pairs, bounded by a stacking fault with relatively low energy, especially in comparison to
atomic crystals. Therefore, disorder in the crystal would be introduced inherently through
deformation and in the form of stacking faults, a concept that the model does not take into
account. Furthermore, the model suggests that deformation propagates partly through gliding
(1¯11¯) planes, irrespectively of the extension direction, contradicting the calculated Schmid
factors for this geometry, that indicate no active slip system including (1¯11¯) for extension along
pˆ (see Appendix A).
Finally, it should be stressed that the effect of either induced or pre-existent disorder in
the crystal lattice can justify on its own the appearance of additional Bragg peaks4,53, initially
forbidden by a perfect fcc lattice symmetry and its presence has been considered to be a
universal feature of all soft materials54, but this approach cannot justify the dependence of
emerging resonant peaks on the direction of extension. In conclusion, despite the relatively
good quantitative agreement between the additional resonant peaks observed experimentally
and predicted by this simple hard sphere based model, accurate probing of the deformed
crystal through X-ray scattering techniques is required (see subsection 3.4.4, X-ray and Neutron
Scattering), in order to verify the predicted structural transformation into a lower symmetry
structure.
5.5.2 Transmission Mode
The same experiment, involving synchronised measurements of optical and mechanical prop-
erties for the CS357 series samples has been conducted, under the same conditions as before
(T = 300 K, ε˙ = 10 µm s−1), but with microscope based spectroscopy performed in transmission,
rather than in DF reflectivity mode. This allows for the extraction of different information from
recorded spectra and optical micrographs, that now represent the bulk of the material, rather
than being limited to probing the surface properties of these specimens37,55.
The recorded nominal stress-strain curves are shown in Fig. 5.12a and as expected they
appear identical to the ones presented in Fig. 5.6a, verifying the consistently anisotropic
mechanical properties demonstrated by the samples of this particular series. The stop band of
these samples, as represented by the fcc (111) resonant peak in reflection (Fig. 5.8b), is now
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Figure 5.12 Optomechanical properties of CS357 series samples for uniaxial extension along two of the main principal
axes, in transmission mode: a, Nominal stress-strain curves for polymer films stretched along pˆ and nˆ directions
(ε˙ = 10 µms−1). b, Transmittance measurements, showing blueshifting of the resonant dips with increasing strain (ε),
for pˆ oriented samples.
manifested by a complementary dip in transmission, blueshifting with increasing applied strain
(Fig. 5.6b), again as expected.
The full optical response of the material in transmission mode is shown in Fig. 5.13 as
a function of strain, with false colour contour shading spectral maps constructed for both
directions of extension and for strains as large as 60%. In full analogy with the reflectivity
spectral maps of Fig. 5.7a, the spectral response of the samples in transmission is mostly
characterised by the resonant transmittance dip, attributed to the (111) planes of the fcc crystal
lattice. This resonance remains visible for strain values up to 30% and 20%, when stretching
along the pˆ and nˆ directions respectively.
Figure 5.13 Transmittance spectral maps, using false colour contour shading and presented as a function of strain, for
two principal directions of extension, pˆ and nˆ.
Although the additional features observed in the reflectivity spectra are not present in
transmission, strong anisotropic effects are evident, with nˆ oriented samples showing a larger
degree of absorbance for wavelengths below the transmittance dip value of '640 nm. This
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effect is apparent even at 0% strain, indicating that the presence of some degree of optical
anisotropy can be considered to be an inherent feature of these samples56, independent of
applied strain. What is more, the rate of blueshifting for the resonant dip in transmittance is
higher for uniaxial extension along nˆ, in accordance with the data obtained through reflectivity
measurements (Fig. 5.8).
This is better demonstrated in Fig. 5.14, where the spectral position of the transmission dip
has been extracted by fitting a Lorentzian curve and has been plotted as a function of strain for
the two different directions of extension. As shown in Fig. 5.14a, for uniaxial extension along
pˆ the wavelength decreases in a linear fashion with increasing strain, up to a value of '20%,
while the decrease of the transmission dip wavelength for applied strain in the nˆ direction
becomes nonlinear for strains larger than '7%, blueshifting at a higher rate when compared to
pˆ oriented samples.
Figure 5.14 a, Spectral position of the transmission dip (extracted by fitting a Lorentzian curve to spectra) as a function
of applied strain along pˆ and nˆ. b, Normalised wavelength dependence on strain for small strain values (<7%). Linear
regression analysis shows good agreement with experimental data and the normalised wavelength decrease rate values
are calculated as (−4.22± 0.02)× 10−3 for the pˆ and (−5.26± 0.04)× 10−3 for the nˆ direction of extension.
Linear regression shows a good fit for the normalised wavelength data values at small
strains (<7%) and for both directions of extension (Fig. 5.14b). Even for strains as low as 1%,
blueshifting takes place at different rates for the two directions, with a normalised wavelength
decrease rate of 0.42 per unit strain for the pˆ and 0.53 for the nˆ direction. This corresponds to a
20% difference in the rate of blueshifting for the two different directions of extension at the
small strain regime, a rate difference that increases further for larger values of strain.
Microstructure Development
Optical micrographs in transmission mode, recorded simultaneously with the microscope
spectroscopy data, can be used in order to extract additional information regarding the devel-
opment of the samples’ microstructure under uniaxial deformation. This is shown in Fig. 5.15,
where ×5 magnification optical micrographs in transmission mode are presented for both pˆ
and nˆ oriented samples and for three different representative states of extensional deformation,
corresponding to 0%, 20% and 80% values of applied strain. The images have been normalised
and their contrast enhanced through the application of an algorithm developed by the author
in WaveMetrics IGOR Pro.
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Figure 5.15 Optical Micrographs (×5 magnification) of the polymer based photonic crystal films in transmission mode
and at different stages of uniaxial deformation. Representative images for strain values of 0%, 20% and 80% are shown
for extension along pˆ (top row) and nˆ (bottom row). The applied strain is indicated by the red and blue arrows for pˆ and
nˆ orientations respectively. The direction of extension in relation to the micrographs is also indicated (gray arrow). All
images have been normalised and their contrast enhanced. Scalebars correspond to 200 µm.
Due to the fact that these micrographs have been recorded in transmission mode, they
convey information that represents the bulk of the material’s volume being probed. For 0%
strain, images of both pˆ and nˆ oriented samples appear similar, with a random structure that
does not show obvious correlation to any of the directions of the principal axes. An increased
number of features with relatively large dimensions seem to be present in the micrograph
corresponding to the nˆ oriented sample, in comparison to pˆ. This signifies the presence of
inhomogeneity in the distribution of imperfections in the samples’ volume. Increasing the
value of applied extensional strain to 20% results in micrographs that demonstrate a similar,
random structure for both directions of extension. For micrographs obtained at a much higher
strain value of 80%, the recorded images appear different, with the micrograph corresponding
to the nˆ direction of extension showing a distinct microstructure development, with parallel
lines oriented along nˆ and appearing dark against a bright background. This behaviour
contrasts to the appearance of pˆ oriented samples, that for the same strain show much less
obvious orientation of their microstructure in the direction of extension, reflected mostly by
the elongated shape of structural features contained in the volume of the material.
The contrast generated in the optical micrographs presented in Fig. 5.15 depends on
differences in light absorption, refractive index or colour of different sample regions that as a
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result appear darker or lighter in the micrographs. Defects in the volume of the material (such
as air filled gaps or impurities) will represent areas of different refractive indices or will scatter
light, standing out from the background in micrographs. The same would apply to regions
corresponding to localised deformation (such as crazes, cracks or shear bands) and aggregates
of either carbon nanoparticles or PS spheres. Due to the nature of the material studied,
macroscopic regions of localised deformation are easily detectable since they demonstrate
different structural colour effects and no evidence of such deformation was identified in the
samples studied here. On the other hand, microscopic localised deformation effects can be
responsible for the features appearing in the Fig. 5.15 micrographs under applied strain.
The imaged spot-size in Fig. 5.13 spectral maps has a diameter of '10 µm (see Section 3.4.5,
Spectroscopy) and is comparable to the dimensions of the features observed in the corresponding
optical micrographs of Fig. 5.15. This does not affect broad spectral features such as the main
resonant dip observed in the spectra but it is reflected in the transmittance spectral maps.
In order to better understand these initial observations and extract more information
regarding the nature of the microstructure developed under strain, 2-D Fourier transforms of
the recorded micrographs have been calculated for increasing strain values, ranging from 0%
to as high as 90%. The results obtained are presented in Fig. 5.16 and Fig. 5.17, showing the
magnitude of the Fourier transform for extension along pˆ and nˆ respectively. The insets included
in each one of the frequency domain images display the actual microscope micrographs that
produced them.
When considering uniaxial deformation along pˆ, results reveal a 2-D peak that for 0%
strain extends equally to all directions in the frequency domain (Fig. 5.16). The Fourier
transform magnitude is maximised for low frequencies and represents features down to a
length scale of '14 µm in the space domain. With increasing strain the pattern in the Fourier
transformed images adopts an ellipse like appearance, gradually compressed in the longitudinal
direction and expanded in the transverse, indicating the development of a microstructure in
the direction of extension. For larger values of applied strain (>50%) the magnitude increases
for lower frequencies along the major axis of the ellipse, indicating the progressive elongation
of individual larger size features, present in the bulk of the polymer film. The development of
two separate faint anisotropic peaks, located along the transverse axis and symmetrically from
its centre, hints to a weak periodicity due to elements repeating in a direction perpendicular to
the extensional, for this particular range of intermediate frequencies (0.02–0.08 µm−1).
Drawing of nˆ oriented samples reveals more clearly their microstructure development in
the frequency domain, as shown in Fig. 5.17, where Fourier transforms of the recorded optical
micrographs are presented. Initially for 0% strain the pattern in the Fourier transformed images
appears isotropic, resembling the one observed for pˆ oriented samples, with the exemption of
increased magnitude values appearing for low frequencies, reflecting the noticeable presence
of features with extended dimensions in the optical micrographs (Fig. 5.15).
With increasing applied extensional strain the pattern gets elongated along the transverse
and compressed along the longitudinal direction, in qualitative agreement with pˆ oriented
samples, but the observed features are now more pronounced and better defined. In the space
domain, this pattern development would correspond to a growing distribution of lines that
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Figure 5.16 Two-dimensional Fourier transforms of optical micrographs obtained in transmission mode at ×5 mag-
nification, for polymer based photonic crystals exposed to increasing values of applied extensional strain ε along pˆ
(red arrow). The insets show the corresponding original optical micrographs. All calculations have been performed in
WaveMetrics IGOR Pro.
extend along nˆ, with their length increasing and their separation in the transverse direction
decreasing with higher values of applied strain. This effect is manifested in Fig. 5.17, with the
appearance of two clear peaks (ε = 50%), positioned symmetrically on the transverse axis and
becoming highly anisotropic for large strains (ε > 70%), in agreement with the geometrical
characteristics of the microstructure observed for the optical micrographs in the space domain.
Especially for pˆ oriented samples an increased magnitude of the Fourier transform for low
frequencies is observed, making the two individual peaks almost indistinguishable for most of
the representative strain values. Interpreting this effect in the space domain would suggest a
broad distribution in the length scale of features that could be considered as periodic along the
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Figure 5.17 Two-dimensional Fourier transforms of optical micrographs obtained in transmission mode at ×5 magnifi-
cation, for polymer based photonic crystals exposed to increasing values of applied extensional strain ε along nˆ (blue
arrow). The corresponding original optical micrographs are shown in the insets.
transverse direction. Separate individual peaks can be distinguished for data corresponding to
70% strain, suggesting a dominant length scale larger than 23 µm.
The axial characteristic length increase for nˆ oriented samples is reflected in the mechanical
properties of these composite films through an enhanced strain hardening effect for ε > 40%,
observed in such intensity only for uniaxial extension along nˆ. This feature, even though
still present, is greatly attenuated for the nominal stress-strain curves of pˆ oriented samples,
in accordance with the significantly weaker development of microstructure observed in the
space and frequency domains. As a result, even though the exact nature of this strain induced
microstructure is not clear, the correlation between strain hardening and periodic features
observed in the bulk of the material for large strains, suggests the establishment of a possible
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link between molecular alignment and the development of this particular microstructure.
Similar effects have been reported for composite films, formed through the coalescence of
core/shell latex particles and exposed to large elongational strains, greater than 30%28,57. AFM
measurements of the films’ surface show a geometrical rearrangement of the core particles, ini-
tially forming lines oriented in a direction perpendicular to that of applied strain but eventually
and for elongations larger than 130%, aligning along rows parallel to the direction of elongation,
forming zigzags or chevrons57. The strain induced development of an almost identical structure
of core particles has also been shown through fluorescence confocal microscopy in the bulk of
composite polymer films47. This still contradicts our data (Fig. 5.16 and Fig. 5.17), since when
considered in terms of the material’s constituent units, the length scale of the strain induced
microstructure for the samples described here is much larger, corresponding to approximately
70-260 spheres in the axial and 110-75 spheres in the transverse direction, for the lowest and
highest values of applied strain respectively. It should be noted though, that the results pre-
sented here also represent the bulk volume of the material, rather than probing only the surface
of the films. The development of string like structures is also a feature associated with particles
suspended in viscoelastic media when sheared at sufficiently high values of shear rate58,59.
Even so, in those systems the packing fraction of particles is greatly reduced in comparison
to the system studied here, that additionally seems to display in transmission a domain like
structure even before the application of extensional strain. Additionally, for elastomeric systems
incorporating spherical particles at concentrations less than 30%, the adaptation of a string-like
geometry by the spheres has been suggested to be an inherent feature, independent of applied
deformation60.
This also relates to recent data56 suggesting the development of chain like defects on the
surface of undeformed polymer opal samples manufactured through EIRS with the orientation
of the defects parallel to nˆ. Again though, the length scale of the features observed here is
larger by a factor of 10 approximately.
Finally, the observed microstructure could also be attributed in principle to other deforma-
tion localisation related processes, such as cavitation61, deformation induced disentanglement
of topological constraints in the polymer network of the matrix material62, shear-induced crys-
tallisation63,64 or microvoid expansion, but the reason that such mechanisms would selectively
be active only for uniaxial extension along nˆ cannot be conclusively extracted from the data
recorded.
5.6 Conclusion
The optomechanical anisotropy of EIRS fabricated polymer photonic crystals has been demon-
strated in this chapter, through synchronised optomechanical measurements, involving uniaxial
extension along two principal directions at different strain rates. The strength of the mate-
rial appears to be increased for strain applied perpendicular, in comparison to parallel, to
the processing direction. Enhanced strain softening and hardening effects are also observed
in stress-strain curves corresponding to that direction of extension and an interpretation is
attempted in correlation to the dual microstructure featured by these composite systems. The
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appearance of anisotropy even for negligibly small strains, combined with a strain rate depen-
dence and a non-close-packed structure in our system, suggests that mechanical anisotropy can
be attributed partly to an alignment of the polymer network in-between spheres. A combina-
tion of image analysis and microscope-based spectroscopy techniques allows the estimation of
material properties such as Poisson’s ratio and volume strain, that appear to be both anisotropic
and strain dependent.
Microscope-based spectroscopy measurements in DF reflection geometry reveal a number
of different strain dependent resonant peaks, attributed to a structural transition of the unde-
formed fcc crystal lattice to a lower symmetry, monoclinic structure, as predicted by a simple
hard sphere based model. The observed interaction of different secondary resonant peaks
suggests an additional rearrangement of the lattice near the yield point, where (111) spheres
are brought together in the lateral direction for extension along nˆ only. Similar experiments
in a transmission geometry verify the consistently anisotropic properties of this particular
series of samples (CS357) and Fourier analysis of microscope captured images provides more
information regarding the material’s microstructure, especially at large strains and it is linked
to the system’s overall optomechanical response.
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Chapter6
Uniaxial Extension Along Non-principal
Directions
6.1 Introduction
In order to extract more information regarding the anisotropic nature of the EIRS fabricated
polymer photonic crystals, experiments involving synchronised optomechanical measurements
of CS389-2 series samples (see Table 4.1 in section 4.6, Fabrication on a Large-scale) under uniaxial
extension in non-principal directions, intermediate to pˆ and nˆ, have also been performed and
are presented in this chapter.
Due to the nature of the fabrication procedure used for the preparation of these samples and
the fcc symmetry featured by the undeformed crystal structure, principal axes coincide with
major crystallographic directions, creating ambiguity on the detailed origin of the observed
optomechanical response under strain and its exact relation to the material’s dual microstruc-
ture. Even though specific non-principal directions of extension can be crystallographically
equivalent, they do not necessarily conform to the same symmetry restrictions when the
material is conceived as a whole, consequently influencing the observed optical and mechanical
properties in different ways.
The orientation and geometry of specimens subjected to uniaxial extension along non-
principal directions is discussed in the beginning of this chapter along with the experimental
method followed. The mechanical response of tested samples under extensional strain as large
as 170% for different extension directions is recorded and compared to the predictions of a
micromechanical model developed for that purpose. The optical anisotropic properties of these
samples are also captured and in conjunction with the extracted axial and transverse strain are
used to calculate material defining properties such as the dynamic Poisson’s ratio and modulus.
This micromechanical model is also employed in order to determine the structure of the
deformed crystal for each extension direction, combined with diffraction theory principles, the
optical response of the system can be simulated to some extent. These results are consequently
compared to both spectroscopic measurements and to the theoretical predictions of the hard
sphere model described in Chapter 5, Uniaxial Extension Along Principal Directions.
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6.2 Experimental Method and Sample Orientation
All experiments were carried out under the same conditions discussed in section 5.5 and the
optical component of the measurements took place in DF reflectivity mode (see section 5.5.1,
DF Reflectivity Mode). Only CS389-2 series samples were tested, due to the limited availability
of appropriate CS357 samples.
Figure 6.1 Non-principal directions of uniaxial extension: a, Schematic diagram indicating the non-principal directions
of extension, intermediate between nˆ and pˆ∗, imposed on a structure of spheres that represents the (111) planes of a
fcc crystal lattice. b, The different directions in relation to the fcc conventional unit cell geometry, with nˆ corresponding to〈
12¯1
〉
and pˆ, pˆ∗ to
〈
1¯01
〉
crystallographic directions.
Specimens were prepared from the EIRS processed polymer tapes in different orientations
by aligning their main axes along directions equally distributed in 5° increments between
the principal axis nˆ and the nearest crystallographically equivalent direction to pˆ, as shown
in Fig. 6.1a. Each one of these directions is labeled in accordance with the angle Ω that it
forms with the main processing direction pˆ, and this is the notation that will be followed in
this section. The different directions of extension in relation to the fcc conventional unit cell
are denoted in Fig. 6.1b, with nˆ corresponding to
〈
12¯1
〉
and pˆ, pˆ∗ to
〈
1¯01
〉
crystallographic
directions.
6.3 Mechanical Properties
The nominal stress-strain curves recorded for the different angles of applied uniaxial extension
and for strain values as high as 170% are shown in Fig. 6.2a. In accordance with data presented
before for CS357 series samples, all curves demonstrate similar main features, incorporating
a yield point, followed by strain softening and a subsequent strain hardening regime. The
stress-strain curve representing extension along 80° stands out, indicating slightly enhanced
yield strength and a significantly pronounced strain hardening effect. The nominal stress-strain
curves for higher strains (>50%) only are presented in Fig. 6.2b, showing that in this regime
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extension along directions close to pˆ∗ consistently demonstrates higher levels of stress for the
same amount of applied strain, while stretching of samples oriented at 90° and 85° corresponds
to the lowest stress values.
Figure 6.2 a, Nominal stress-strain curves corresponding to uniaxial extension of polymer photonic crystal samples at
different angles in relation to pˆ, the direction of EIRS processing. b, The same stress-strain curves for higher strains
(>50%) only, clearly showing the strain hardening regime for the different directions of extension.
In an attempt to determine a correlation between the intensity of this strain hardening
effect and the direction of extension, the tangent modulus has been extracted from the nominal
stress-strain curves and is presented in Fig. 6.3a. With the exception of 80° oriented samples,
that seem to show an anomalous behaviour, the rate of strain hardening is comparable for all
directions of extension, demonstrating a steady rise of stress with increasing strain, declining
only for 85° and 90°, when strain reaches values larger than 120%. As a result, the higher
stress values observed for samples oriented close to pˆ∗ at high strains, could be considered to
be a consequence of a suppressed strain softening effect, with a much less pronounced stress
release observed for extension directions along 60°-70°, in comparison to samples oriented at
larger angles. This is shown more clearly in Fig. 6.3b where the extracted tangential moduli
are shown for ε > 10%. The pronounced strain softening effect for extension directions that
correspond to larger angles is reflected in the distinct dips observed in the extracted curves,
with minima corresponding to comparable values of strain ('45%) for all extension directions,
except 80°. For larger values of applied strain, exceeding 120% the tangential modulus value
decreases only for Ω > 80°, possibly indicating early signs of failure of the polymeric material.
The tangent modulus for small strains (<10%) only and for the different directions of exten-
sion, is presented as a function of applied strain in the polar diagram shown in Fig. 6.3c, using
a false colour contour shading map in polar coordinates. Data representing intermediate direc-
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Figure 6.3 a, Tangent modulus as a function of strain for the different directions of extension (60°-90°), as extracted
from the respective stress-strain curves. b, Diagram showing the same extracted tangent modulus for larger strains
(>10%). The intersection points of the dotted line with the plotted traces indicate local minima at the corresponding
stress-strain curves. c, Polar diagram of the tangent modulus for small strains (<10%) only, using false colour contour
shading. Data corresponding to intermediate directions of extension have been obtained through a Voronoi, natural
neighbours interpolation algorithm, implemented in WaveMetrics IGOR Pro.
tions of extension have been obtained through a method of natural neighbours interpolation,
using Voronoi tessellation (WaveMetrics IGOR Pro). It is evident that for the smallest values of
strain (<2%) no significant differences are observed between different directions of extension,
indicating an initially isotropic behaviour. For higher values of strain, an anisotropic effect is
developed with increased values of the tangent modulus corresponding to larger values of Ω,
indicating a steeper rise of stress with increasing strain, a trend that continues to consistently
apply (with the exemption of 80°) till the yield point has been reached (Fig. 6.3b).
The yield stress and yield strain values, corresponding to zero values of the tangent modulus
indicated in (Fig. 6.3b) are presented as a function of the angle of extension in Fig. 6.4a and
Fig. 6.4b respectively. For Ω 6 70° clear yield points are less obvious and as a result yield stress
and strain values are estimated. The extracted values of yield stress appear to be comparable
for all angles of extension, with the exception of 80° oriented samples that show an elevated
value of stress at the yield point. On the other hand, the yield strain values (again with the
exception of 80°) show an apparent trend, with smaller angles of extension corresponding to
larger values of yield strain, while extension in directions at and around nˆ causes the material
to yield earlier at a strain decreased by '25%, in comparison to extension along pˆ∗.
This behaviour contradicts the main characteristics of the mechanical response recorded for
CS357 series samples, as presented in section 5.5, Optomechanical Anisotropy in DF Reflectivity
and Transmission. For large strains, the observed mechanical anisotropy for extension along pˆ
and nˆ appears inverted for the CS389-2 series, with pˆ∗ and not nˆ oriented samples demonstrat-
ing an enhanced strain hardening effect. What is more, the anisotropic behaviour of CS357
series samples is clear, even at small strains and yielding takes place at similar values of strain
6.3 Mechanical Properties 103
Figure 6.4 Stress and strain at the yield point: a, Diagram showing the extracted values of stress at the yield point for
the different angles of extension. b, The corresponding values of yield strain as a function of the angle of extension.
but distinctively different values of stress, for pˆ and nˆ extension, again in contradiction to the
CS389-2 series samples, where the opposite trend is observed for deformation along nˆ and pˆ∗.
Considering the mechanical properties of these composite systems strictly as a consequence
of the crystallographic symmetry imposed by the presence of an underlying fcc crystal lattice,
would lead to the ideal expectation of identical mechanical properties observed for uniaxial
extension along equivalent crystallographic directions. As a result, the discrepancy in the
mechanical response of CS357 and CS389-2 series samples, when deformed along the same
lines of symmetry, could be mainly attributed to two principal factors.
On one hand, such an approach would ignore the presence of a dual microstructure in these
composite systems, with the underlying structure of the entangled polymer network that holds
the PS spheres together, possibly introducing an additional degree of symmetry. This can be a
consequence of the highly orientational fabrication procedures used for the production of these
polymer films, comprising extrusion, rolling and EIRS. The exact way that this would affect the
mechanical properties of these systems, would be dependent on the degree and directionality
of the molecular alignment introduced in the three-dimensional polymer network and would
be difficult to predetermine due to the complexity of the strain field introduced through the
fabrication steps (see Appendix B).
On the other hand we need to consider the special characteristics of these particular series
of samples. As described in section 4.6, Fabrication on a Large-scale, even though the same fabri-
cation process was adopted in principle for both CS357 and CS389-2 series samples, the latter
demonstrated inferior optical properties and microscopically apparent defects were evident
on their surface (Fig. 4.10). Special care was taken to avoid these areas of the polymer films
when preparing samples for uniaxial extension and no evidence of deformation localisation
were macroscopically evident under strain for specimens presented here. Nevertheless, these
artefacts can provide a possible explanation for the inconsistent mechanical properties between
samples from the two different series, when strain is applied at crystallographically equivalent
directions. This would also provide an interpretation for the anomalous behaviour observed
for extension at 80°.
The limited defect free area of CS389-2 samples supplied by our collaborators at DKI did
not allow the repetition of measurements, with only one data set captured for each angle of
extension. It should be noted though that dumbbell shaped samples tested were prepared from
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a long (' 2 m) polymer ribbon supplied by DKI and selected at random from individual defect
free areas of the ribbon, spanning almost the entirety of its length.
6.3.1 Theoretical Predictions: A Micromechanical Model
In order to better understand the properties of these composite systems a micromechanical
model1,2,3, based on a Finite Element Analysis (FEA) method has been developed. The
technique of micromechanical modelling combines the constituent materials’ behaviour under
applied stress/strain, together with a periodic Representative Volume Element (RVE), that
portrays the symmetry of the material’s microstructure and captures the system’s infinite
periodic nature through imposed periodic boundary conditions.
Figure 6.5 Finite Element Analysis (FEA) based micromechanical modelling of the composite polymer structures: a,
The Representative Volume Element (RVE) used in the simulations, based on the conventional unit cell of a fcc crystal
lattice, with spheres (blue) modelled as rigid bodies and the matrix (green) as an incompressible neo-Hookean solid.
The volume fraction of the spheres is 46%. b, Simulated nominal stress-strain curves for different directions of extension,
in accordance with the experiments. The dashed line provides an estimation for the value of the yield strain.
The RVE representing the geometry of the composite material studied here (Fig. 6.5a), is
based on the conventional unit cell of the fcc crystal lattice and consists of six half-spheres
and eight quarter-spheres embedded in a matrix, reproducing a non-close packed fcc lattice
arrangement of spheres (46% volume fraction) when the RVE is translated to infinity. The
packing fraction value of 46% corresponds to a packing fraction upper limit, extracted from
TEM micrographs of samples fabricated through a similar shear induced ordering method4.
The spheres are considered to be non-deformable and are modelled as rigid bodies, while the
matrix material is assumed to have an elastic response and is modelled as an incompressible
neo-Hookean solid (Eq. (5.10)), with Poisson’s ratio 0.49 and a Young’s modulus value of 1 MPa.
As a result, the non-linear response of these three-dimensional, periodic structures can be
captured for large extensional deformations in arbitrary directions. This model was developed
by Prof. Katia Bertoldi at Harvard University, using SIMULIA Abaqus and MATLAB, kindly
providing the results of the FEA.
In accordance with the uniaxial deformation experiments previously described, simulations
were performed for the exact same directions of extension (Fig. 6.1a), with the resulting nominal
stress-strain curves presented in Fig. 6.5b for values of applied strain as high as '95% for
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extension along nˆ, but limited to '60% for extension along pˆ∗, due to the occurrence of
instabilities for higher values of applied extensional strain.
The simulated mechanical response of the model system appears almost identical for all
directions of extension, with only minor differences observed. Initially and for small strains,
the system behaves elastically, demonstrating a linear dependence of nominal stress on applied
strain, with effectively the same slope for all angles, suggesting an isotropic response to
mechanical stimuli. With increasing strain the material’s response becomes non-linear at
comparable values of strain ('10%) for all extension directions. Clear yielding points are not
obvious, due to the lack of a pronounced strain softening effect, but yielding strain is estimated
(dashed line in Fig. 6.5b) to be comparable for all extension directions.
The predictions of this model are expected to be highly dependent on the input value of the
packing fraction φ used for the micromechanical simulations. For a large packing fraction and
a corresponding close packed structure, the initially elastic response of the system to applied
deformation would reflect for small strains the anisotropic features expected by a fcc crystal
lattice, formed by non-deformable spheres (section 5.2, Mechanical Anisotropy at Small Strains).
If lower packing fraction values were to be adopted, the simulated mechanical properties of the
composite material would match the neo-Hookean isotropic elastic response of the polymer
matrix (section 5.3, Finite Strain Elasticity), predicting mechanical properties independent of
the extension direction.
This becomes more evident when considering that the dependence of a composite material’s
strength to volume fraction can be roughly predicted by a simple calculation5, deriving the
Young’s modulus Ec of a composite material consisting of particles with Young’s modulus Es
embedded in a matrix with corresponding Young’s modulus Em, assuming a uniform stress
distribution:
Ec =
EsEm
φmEs + φsEm
, (6.1)
where φs and φm represent the corresponding packing fractions for spheres and matrix respec-
tively.
The predicted mechanical properties of these systems, as reflected through the results of
the performed micromechanical simulation, seem to be primarily dominated by the response
of the matrix material to deformation. This agrees with both calculations6 and simulations7,
representing uniaxial extension of particle reinforced elastomers and coalesced core-shell
structured polymer spheres respectively. These results indicate the presence of a distorted
stress pattern in the elastomeric matrix6, accompanied by a complete lack of deformation in
the filler material, while both strain and strain rate appear to be concentrated in the boundaries
where hard cores and soft matrix are bonded together7. It should be noted that in both these
cases the matrix material has been assumed as incompressible and purely elastic, in contrast to
the demonstrated viscoelastic nature of samples studied here.
In order to approximate the stress-strain curves captured through uniaxial deformation
experiments and especially the observed strain softening and strain hardening effects, the
microstructure of the matrix material should be taken into account. This can take place either
indirectly, through the adoption of micromechanical models based on a constitutive law that ac-
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curately predicts both strain softening and hardening effects8,9,10,11,12 or directly, by considering
the material’s molecular microstructure through molecular dynamic simulations13. Both ap-
proaches can provide reasonable results for the mechanical response of glassy polymers, close
to their glass transition temperature14 and for amorphous polymer entangled networks15,16,
with predicted stress-strain curves resembling the ones observed in the experiments described
here. Micromechanical models have also been used to predict the time dependent stress-strain
response of particulate filled elastomers17, but for lower filler concentrations < 25%.
Finally, it should be noted that considering the dual microstructure of the composite
systems studied here, with a difference in length scale by approximately one order of magnitude,
simulating their optomechanical properties in full detail can introduce a new level of complexity,
resulting in a process with extremely high computational cost.
6.4 Optical Properties
The optical response of the system for Ω ranging from 60° to 90°, is summarised in Fig. 6.6,
where the scattering spectra have been assembled into strain dependent spectroscopic maps,
using false colour contour shading to represent the normalised scattering intensity I. The main
feature dominating the spectra is the resonant peak (labeled 1pi in Fig. 6.6) corresponding
to the (111) diffracting planes of the fcc crystal lattice, blueshifting with increasing strain as
the interplanar spacing is decreased. In agreement with the equivalent data for the CS357
series samples, this process appears to take place more rapidly for stretching along nˆ and the
blueshifting rate gradually decreases as Ω takes smaller values.
What is more, additional spectroscopic features are observed, with extra peaks of varying
intensity appearing in this case not only for extension along nˆ but also along pˆ∗ and extension
angles in between. Stretching of samples oriented at 60° in respect to pˆ results in the appearance
of an additional faint resonant peak (2pi) at a lower wavelength (λ ' 440 nm), redshifting and
becoming more intense with increasing strain. For a strain value of '70% the two competing
peaks equalise in intensity, with the resonance due to (111) diffracting planes having diminished
to 40% of its original intensity. At larger strains 1pi fades away while 2pi broadens and slightly
increases in intensity.
A similar trend is followed in general for extension in directions corresponding to larger
angles but 2pi type resonant peaks start to emerge for gradually lower values of strain and
higher wavelengths, with their interaction more evident. They finally blend in with the principal
1pi peaks for Ω > 75° and ε 6 50%. The development of this unified resonant peak (4pi) is
quite distinct for directions of extension corresponding to even higher angles, redshifting and
eventually fading with increasing strain. Additional resonant peaks of increasing strength (3pi)
also appear for larger angles of extension, initially at ε > 100% but consequently dropping
gradually to ε'70% and ε < 50% for stretching in a direction corresponding to 75° and 90°
respectively. These 3pi type peaks grow in intensity with increasing angle of extension and
although no significant variations are observed in the width of the peaks, they seem to span a
narrower range of strain values, extending for ∆ε > 50% at a 75° direction of deformation but
dropping to ∆ε < 30% for extension along nˆ.
6.4 Optical Properties 107
Figure 6.6 Scattering spectra for different directions of applied extensional deformation, corresponding to angles
60°-90° in respect to pˆ. Measurements are captured through microscope-based spectroscopy in DF reflection mode and
presented as a function of strain (ε) using false colour contour shading. The different spectral features corresponding
to resonant peaks of common origin are denoted as 1pi-4pi. The colourmap representing the normalised intensity I is
shown in the inset.
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The development of 1pi type resonant peaks with increasing strain for the different angles of
extension is shown in greater detail in Fig. 6.7, where their spectral position, linewidth (FWHM)
and normalised intensity have been extracted by fitting Lorentzian curves. For extension in
directions close to nˆ it is evident that 1pi peaks blueshift almost monotonically for strains as
high as 20% and at a higher rate in comparison to extension directions close to pˆ∗, where the
same resonant peaks blueshift at a lower rate and start to diverge from linearity at strain values
as low as 10%.
Figure 6.7 Wavelength, linewidth (FWHM) and normalised intensity of 1pi peaks, extracted by fitting Lorentzian curves
on DF reflectivity spectra of CS389-2 series samples and plotted as a function of strain for directions of extension that
correspond to angles 60°-90° in respect to pˆ.
For Ω > 75° the features observed for applied strain higher than 20%, as represented by
regions of sharp increase in the rate of blueshifting, are artificial and emerge as a consequence
of the interaction of 1pi with 2pi type peaks. This effect is more obvious in the strain dependence
of the extracted linewidth (Fig. 6.7), showing a rapid increase for ε > 20%, with the intersection
of 1pi and 2pi peaks taking place at a strain 2% smaller for extension in the 90° direction, in
comparison to 85°.
The general increase of the linewidth that is observed for smaller strains and is common for
all angles of extension, could be attributed to a consequent increase of disorder in the crystal
structure18. The decrease in recorded normalised intensity can be considered a consequence of
in-plane disorder, since stacking faults have not been shown to significantly affect its value19,20.
That would be in agreement with a mechanism based on the contact of (111) spheres in a
direction perpendicular to the extension direction nˆ. The linewidth seems to develop in a
similar way with applied strain, regardless of the extension direction. Differences (up to 35%)
are observed in the normalised intensity measurements for the different samples before the
application of strain, with orientations close to nˆ generally demonstrating larger values. The
fact that 90° and 85° oriented samples correspond to low linewidth values as well, suggests
improved optical properties for orientations along directions corresponding to larger angles.
On the other hand, variations in the normalised intensity of DF recorded spectra, with a
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dependence on the in-plane orientation of samples, have also been recorded for samples
corresponding to the CS357 series. This indicates that such an effect could be considered to be
a ramification of the anisotropic optical properties demonstrated by these samples and not a
consequence of quality variation along the length of the fabricated polymer strips. This has
been verified for similar samples fabricated through the same method, with the anisotropic
scattering of undeformed polymer photonic crystals attributed to the presence of chains of
defects21 that result in reduction of the refractive index contrast. The origin or nature of these
defects is not clear yet.
The gradual transition from the characteristic optical response demonstrated by 60° oriented
samples to that of samples with a 90° orientation is better displayed by considering the strain
dependence of the 1pi type peaks extracted wavelength for different angles of extension at
small strains (Fig. 6.8a). At this regime (ε 6 10%) this dependence can be considered to be
linear, as demonstrated by the lines fitted to the experimental data. In the inset of Fig. 6.8a the
rate of blueshifting has been plotted as a function of the extension angle, verifying the inverse
relation between these two quantities and indicating the faster compression of the sphere
layers responsible for the occurrence of 1pi type peaks, when strain is applied at directions that
correspond to larger angles.
Figure 6.8 Mechanical anisotropy in the non-axial principal directions: a, Wavelength of 1pi type peaks for small strains,
as extracted from DF spectra, plotted against strain for 0°-90° oriented samples. Dotted lines represent linear functions
fitted to the experimental data. The inset shows the rate of blueshifting, as a function of the extension angle. b, Dynamic
Poisson’s ratio (νy), plotted as a function of strain for samples with different orientations in respect to pˆ. Image analysis
has been used to extract the relevant axial and transverse strains.
In an analogous way, the anisotropic response of these samples is demonstrated in the
dynamic Poisson’s ratio νy, extracted through image analysis and shown as a function of
uniaxial strain in Fig. 6.8b. For small strains and irrespective of the extension direction, the
dynamic Poisson’s ratio takes initially values approaching 0.5, characteristic of an incom-
pressible material with a perfectly elastic response. For larger strain values a decrease of the
Poisson’s ratio is observed, taking place monotonically for extension along and around pˆ∗ but
gradually diverging from linearity as the angle of extension increases. For Ω > 70° the drop in
the Poisson’s ratio value is initially more rapid and is followed by gradually slower decline,
eventually adopting a constant value for extension along nˆ. This value is lower by '70% when
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compared to the average value corresponding to the same strain region for extension along
pˆ, indicating a greatly decreased contraction in the transverse direction. The transition to a
constant Poisson’s ratio value for extension along nˆ takes place at an approximate strain of
40%, coinciding with the tangent modulus local minimum (Fig. 6.3b) observed at the strain
softening region of the corresponding stress-strain curve (Fig. 6.2a).
The extracted Poisson’s ratio for this range of applied strains cannot be considered as a
characteristic material constant, due to its dependence on applied axial strain22, reflected in
the evolution of the material’s microstructure. As a result, the fact that the dynamic Poisson’s
ratio decreases below 0.5 with increasing strain in a more pronounced way for larger angles of
extension, signifies that even though the spatial arrangement of the polymer spheres develops
in a way that can accommodate the additional applied strain, contributing to the extension in
the axial direction, it does not produce complementary significant contraction in the transverse
direction. A decrease in Poisson’s ratio, as captured in the recorded data, can often be attributed
to the development of voids in the polymeric material’s microstructure23. Even though such a
hypothesis would complement the observed volume strain increase for CS357 series samples
when stretched along nˆ (Fig. 5.6c), the nature of the PEA matrix, relying on entanglements
rather than chemical crosslinks, suggests that that this effect is more likely a consequence of
the viscoelastic properties featured by these composite systems24.
Figure 6.9 Dependence of secondary resonant peaks on the direction of uniaxial deformation: a, Wavelength of 2pi
type peaks, extracted through a process of fitting Lorentzian curves and presented as a function of applied strain for the
different directions of extension. b, Wavelength maxima and corresponding strain values plotted as a function of the
extension angle.
As demonstrated in Fig. 6.6 the appearance of 2pi type peaks is a common feature demon-
strated in all the DF spectra recorded for this series of samples. More detailed information
regarding the development of these peaks under applied deformation and their consequent
dependence on the angle of extension is provided by extracting their resonant wavelength,
presented as a function of strain in Fig. 6.9a. In contradiction to the blueshifting 1pi peaks, 2pi
type peaks redshift with increasing strain for all extension angles, with a higher redshifting
rate corresponding to samples oriented in directions close to nˆ. For these samples redshifting
is almost monotonic until the maximum wavelength value, where 1pi and 2pi peaks merge and
migrate again towards slightly lower wavelengths, until they become too faint to be tracked
by the extraction algorithm. For angles of extension below 70° the 1pi and 2pi peaks remain
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sufficiently separated and as a result the spectral position of 2pi can be tracked for larger strains,
reaching values as high as 100%. Again, a small decline is observed on the spectral position
of the peaks after reaching their maximum wavelength value, an effect that appears to be
diminished for the data representing larger angles of extension.
The observed redshifting of the 2pi type peaks corresponds to crystal planes with an
interplanar distance that increases with strain, resulting in an initial 65% increase of the
resonant wavelength in respect to that of the dominant 1pi peaks, reaching at higher strains a
relative difference that ranges from 77% to 82% for extension along directions that correspond
to smaller and larger angles respectively. For the largest extension angles these maximum
wavelength values are achieved for strains reduced by 57% in comparison to extension along
pˆ∗ and neighbouring directions.
This is presented in greater detail in Fig. 6.9b, where both the wavelength and strain values
of the maxima have been plotted as a function of the uniaxial extension angle. An inverse
relation is observed, with the strain decreasing and the wavelength value simultaneously
increasing as the angle of extension becomes larger, indicating the presence of crystallographic
planes with greater maximum separation for deformation along directions close to nˆ. There is
a correlation between the yield strain (Fig. 6.4) recorded for deformation at Ω > 75° and the
comparable strain values representing the maximum interplanar distance reached by crystal
planes responsible for the appearance of 2pi peaks. This correspondence fails for Ω < 75°, with
the yield strain values not demonstrating significant increase.
In principle, the appearance of 2pi type peaks could also be attributed to 1-D structures,
forming on the surface of samples and resembling a diffraction grating, with its lines oriented
in a direction perpendicular to that of the applied strain. Such structures could be in principle
attributed to the core PS spheres aligned in lines normal to the extension direction (with
sufficient order and refractive index contrast in relation to their surroundings so that they can
act as a diffraction grating) or a result of stress localisation effects such as crazing. The reason
that such an effect would be more evident for extension along nˆ is not clear. As samples are
extended the separation between the lines of these 1-D structures would increase while the
corresponding angle of diffraction would decrease in accordance to
d (sin i + sin h) = mλ, (6.2)
where i and h the incidence and diffraction angles respectively, λ the corresponding wavelength
and m an integer number representing the order of diffraction. The incident and detected light
geometry will be defined by the ×5 DF objective employed, as already described in Fig. 3.6.
Under these conditions we can consider the incidence angle to be fixed at an average value of
i = ψ = 23.8, while only light diffracted at a direction contained in the θ = 17.2° apex detection
cone will be expected to appear in recorded spectra.
Experimental data presented in Fig. 6.9a show 2pi type peaks already present for very
small deformations, with the extracted maximum of the peak at a wavelength of 437 nm for
extension along nˆ. If we assume that diffracted light of this wavelength only then starts to enter
the detection cone and appears in spectra, then the presence of a structure that resembles a
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diffraction grating on the samples’ surface would correspond to a distance between the grating
lines of d0 = 789.8 nm (according to Eq. (6.2), with only first order diffraction effects visible.
This is shown schematically in Fig. 6.10a.
Figure 6.10 Appearance of 2pi type peaks on the assumption of light diffraction from an 1-D structure on the samples’
surface, resembling a diffraction grating with an orientation perpendicular to the direction of applied strain, for a ×5 DF
objective geometry: a, Schematic diagram showing the diffraction effect for strain ε ' 0%. The angle of the detection
cone apex θ and the average fixed angle of incidence ψ are denoted. b, Schematic diagram demonstrating the same
effect for applied strain along nˆ with values ε = 18% and ε = 38%.
Extension of the samples will have as a result the increased separation between the periodic
features of this 1-D structure and longer wavelengths will be able to enter the detection cone.
Experimental data show that for extension along nˆ the 2pi type peak redshifts to a maximum
value of 518 nm for a corresponding applied strain of 29.6%. According to Eq. (6.2) diffraction
at 518 nm would be expected to enter the detection cone for a strain of only 18%, as shown in
Fig. 6.10b. This is almost half the strain value observed experimentally for the same wavelength.
In the recorded spectra the 2pi type peak for extension along nˆ becomes too weak for features to
be extracted at a strain of 38%, corresponding to a wavelength value of 505 nm. For that value
of strain Eq. (6.2) predicts diffracted light entering the detection cone at a wavelength value
larger than 600 nm, as shown schematically in Fig. 6.10b. No spectral features appear at this
wavelength and for comparable strain values in the recorded spectra, as demonstrated in Fig. 6.6.
This suggests poor agreement between the assumption of 1-D diffraction grating like structures
on the surface of the samples and experimental data. Nevertheless, this hypothesis can be
further tested by performing microscope based spectroscopy measurements for wavelengths
smaller than 400 nm (where according to this hypothesis spectral features should be present)
and electron microscopy can reveal more information regarding the effect of localised stress on
the microstructure of deformed samples.
The optical response of CS389-2 series samples for uniaxial deformation along pˆ∗ and nˆ is
in qualitative agreement with that of samples from the CS357 series for crystallographically
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equivalent directions of extension. A fundamental difference is the appearance of a faint 2pi
peak for extension of CS389-2 samples at 60°, an effect which is suppressed for pˆ oriented
CS357 specimens. In qualitative terms, for extension along pˆ and pˆ∗ the rate of blueshifting
for 1pi type peaks is almost identical for both series of samples, with the wavelength value
equally decreased by 11% when strain reaches 35%. For extension along nˆ the rate of 1pi
blueshifting (∆λλ ) takes again similar values for both series (61% per unit strain for CS357
and 56% per unit strain for CS389-2) but some discrepancies are observed for 3pi type peaks,
with their normalised intensity value maximised at 12% lower strains for the CS389-2 series
samples. These differences, combined with inconsistencies in the mechanical properties of
the two series of samples, emphasise the difficulty in matching the physical properties of
specimens representing different production batches.
The development of 2pi type peaks with increasing strain, for CS389-2 series samples
deformed along nˆ, seems also to be in good agreement with the predicted optical response due
to (112¯) crystal planes, as approximated by the touching hard spheres model (Fig. 5.11). The
predicted and measured wavelength values maximise at comparable strains and the model also
suggests the rotation of (112¯) planes towards the fixed [111] direction, causing the appearance
of the corresponding resonant peaks at strains as low as 5%. On the other hand, that model
does not account for the appearance of resonant peaks with similar characteristics for extension
of CS389-2 series samples along pˆ∗. Additionally, due to the fact that it heavily relies for
calculations on the initial symmetry of the fcc structure adopted by the close packed hard
spheres, results for directions of applied strain intermediate to pˆ and nˆ are more difficult to
attain.
6.4.1 Theoretical Predictions Based on Micromechanical Simulations
The inability of the hard sphere based model to provide predictions of optical properties for
extension along non-principal directions can be overcome by the micromechanical model de-
scribed previously, which freely allows the application of uniaxial strain in arbitrary directions.
Data representing the coordinates of the rigid spheres centres in the RVE have been provided
by Prof. Katia Bertoldi for increasing applied strain along pˆ∗, nˆ and intermediate directions
at a 5° interval. This approach permits the visualisation of the crystal structure in both direct
and reciprocal space. Consequently, it allows the prediction of the systems’ optical properties
by calculating interplanar distances25, corresponding structure factors (Eq. (2.14)) and relative
orientation angles for the different crystallographic planes, through the use of an algorithm
developed by the author in MATLAB and Wavemetrics IGOR Pro. All crystallographic compu-
tations25 take place on the deformed primitive unit cell off the initially fcc crystal lattice and
Miller indices describing different crystallographic planes are subsequently referenced to the
undeformed fcc crystal geometry.
The differences in the nature of the deformation mechanism between the proposed mi-
cromechanical and hard sphere based models are reflected in the deformed conventional unit
cell geometry of the initially unperturbed fcc crystal lattice (Fig. 6.11a). This is demonstrated in
Fig. 6.11b and Fig. 6.11c, where the conventional unit cell, in accordance to the micromechanical
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Figure 6.11 Conventional unit cell of the fcc crystal structure before and after deformation along different crystallographic
directions, as predicted by the micromechanical model: a, The undeformed conventional unit cell, defined by unit vectors
parallel to a, b and c. Rigid spheres belonging to different (or non equivalent) layers stacked along [111], have been
assigned different colours. b, Deformed conventional unit cell representing the crystal structure for applied strain ε = 60%
along pˆ∗ c, Deformed conventional unit cell representing the crystal structure for strain (ε = 60%) applied along nˆ. A
packing fraction lower than 46% has been used for the representation of spheres, in order to increase clarity.
model, is depicted for an applied uniaxial strain of 60% along pˆ∗ and nˆ respectively. In contrast
to predictions of the touching hard spheres based model, where two of the three conventional
unit cell vectors (a, b and c) always remain perpendicular under applied deformation, here
the relative orientation of all unit vectors diverts from orthogonality with increasing strain,
regardless of the direction of extension.
In particular, uniaxial deformation along pˆ∗ causes the gradual decrease of angles α (c∠b)
and γ (a∠b), while β (c∠a) increases, producing a deformed conventional unit cell defined by
unit vectors that form two acute and one obtuse angles (Fig. 6.11b). For extension along nˆ both
γ and β increase in an almost identical fashion (reaching 116° at 60% strain), while α takes
increasingly smaller values (86° at 60% strain), as shown in Fig. 6.11c. The different geometry
adopted by the deformed conventional unit cell for uniaxial extension in different directions, as
predicted by this micromechanical model, signify the fundamental strain induced anisotropic
response of this system, as reflected in its mechanical and optical properties.
This becomes even more evident when the effect of strain on the geometry of the fcc crystal
is considered along a direction facing the (111) crystal plane. The constraints implemented by
the hard sphere model on the motion of individual spheres are governed by two factors: On the
one hand by the necessity for maintenance of close packing. On the other hand by the fact that
even though the initially fcc crystal lattice can deform under strain, it is not allowed to rotate,
with (111) crystal planes maintaining their original orientation, parallel to the samples’ surface.
In comparison, the micromechanical model does not have to comply with the restrictions of a
close packed structure, since the packing fraction of rigid spheres is initially set at 46%. The
boundary conditions implemented in this model permit shearing of the rigid spheres but still
restrict rotation of the RVE, resulting again in a fixed orientation of the (111) crystal planes. The
effect of these conditions on the geometry of the deformed conventional unit cell, representing
the underlying structure of the material, is presented in Fig. 6.12 for extension along two of the
main principal directions.
Increasing the applied strain along pˆ∗, does not affect the orientation of (111), that remains
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Figure 6.12 Representation of the fcc conventional unit cell under increasing applied strain ε along pˆ∗ and nˆ, as
viewed in a direction normal to (111) and according to the micromechanical model. The [111] crystallographic direction
is defined by the line connecting the two yellow spheres that correspond to different (111) planes and coincides with the
direction normal to (111) for the undeformed crystal or for extension along pˆ∗.
unchanged up to a maximum value of applied strain, ε = 60%. The relative orientation
of the [111] crystallographic direction to the (111) planes normal does not change either,
remaining perpendicular to (111) during deformation. A fundamentally different response
is demonstrated when strain is applied along nˆ. Despite the fact that the orientation of the
(111) crystal planes remains unaffected by applied strain, in accordance to the boundary
conditions implemented in the model, the [111] crystallographic direction does not maintain
its orthogonality to (111) crystal planes in the deformed unit cell.
This is clearly demonstrated in Fig. 6.12, where [111] is defined through the line connecting
two rigid spheres (depicted yellow in Fig. 6.12) positioned anti-diametrically in the conventional
unit cell of the originally fcc crystal. The condition of orthogonality between a lattice direction
and the corresponding crystal plane defined by the same Miller indices is expected to apply
only for the undeformed lattice, due to the cubic symmetry of its unit cell. The fact that for
[111] this condition fails only for extension along nˆ and not pˆ∗, reveals the different ways that
fcc crystal symmetry breaks for applied strain in these two different principal directions and the
fundamental differences in the symmetry of the deformed structures. This indicates separate
mechanisms of deformation that lead to distinct optical properties.
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Figure 6.13 Visual representation of the deformed fcc crystal lattice conventional unit cell, in accordance with the
micromechanical model and for a fixed value of applied strain (ε = 60%) in directions intermediate to pˆ∗ and nˆ. The
structure is viewed in a direction normal to (111).
When considering applied strain in directions intermediate to pˆ∗ and nˆ this micromechanical
model predicts a strain induced structural transformation that takes place gradually, as Ω
increases from 60° to 90°. This is demonstrated in Fig. 6.13, where the deformed conventional
unit cell is shown for a (111) facing orientation and an applied strain value of 60%. The angle
between [111] and the direction normal to (111) also gradually increases, ranging from 0° for
extension along pˆ∗, when the two directions coincide to '10° for extension at 65° and reaching
eventually a value of 14.9° when strain is applied along nˆ.
This strain induced structural transformation can also be demonstrated by considering the
essentially 2-D topology of only the top layer of spheres, forming the (111) plane of the initially
undeformed fcc crystal structure, as predicted by the micromechanical model. This is shown in
Fig. 6.14a-g for applied uniaxial strain ε = 60% along pˆ∗, nˆ and intermediate directions at a 5°
step, with the individual constituent units of the fcc conventional unit cell that are contained in
that particular plane denoted separately.
The anisotropic nature of this structural rearrangement becomes more obvious when
comparing configurations that correspond to extension along nˆ and pˆ∗. For the structure
subjected to extension along nˆ (Fig. 6.14a) rows of spheres aligned in the transverse direction
are evident, with increased separation between them, while the distance between spheres
belonging to individual rows in the axial direction appears greatly decreased in comparison to
the undeformed structure (Fig. 6.14h). For extension along pˆ∗, the anisotropic nature of the
sphere arrangement geometry is not as obvious, with spheres distributed more evenly. This
transition seems to take place gradually, as seen in Fig. 6.14b-6.14g for uniaxial extension along
directions intermediate to nˆ and pˆ∗.
More information can be extracted by considering the in-plane distance between closest and
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Figure 6.14 Representation of only the top layer of spheres that constitute the (111) plane of the initially undeformed
fcc crystal structure, as predicted by the micromechanical model for applied uniaxial strain ε = 60% along different
extension directions: a-g, Directions of extension ranging from nˆ to pˆ∗, with a 5° step. h, The undeformed structure, with
directions of extension denoted. Spheres belonging to the fcc conventional unit cell contained in that particular (111)
plane, are indicated in a different colour (orange). The closest and next closest neighbour distances in each assembly
of spheres are represented by the moduli of vectors α (light blue) and β (dark blue) respectively. i, Diagram showing
the closest to next closest neighbour distance ratio ( |α|/∣∣β∣∣) and the in-plane density of spheres δ as a function of the
extension angle. The value of δ is normalised to its corresponding value in the undeformed state, for which |α|/∣∣β∣∣ = 0.58.
The packing fraction of spheres is 46%. The direction of applied strain is always vertical, as noted by the orange arrows.
next-closest neighbour for this top layer of (111) spheres, denoted in Fig. 6.14 as the modulus
of vectors α and β respectively. The ratio of these two distances for a representative applied
uniaxial strain of 60% has been plotted as a function of the extension angle and displayed in
Fig. 6.14i. Additionally, the inverse of the area of the unit cell defined by α and β can provide
a measure of the in-plane density δ and its value, normalised to the one for the undeformed
structure, has also been plotted in Fig. 6.14i. It is evident that δ decreases with increasing angle
of extension, finally adopting its minimal value for extension along nˆ. For extension along
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pˆ∗ the in-plane density adopts a much higher value, close to the one for the densely packed
undeformed structure. A similar trend is followed by the ratio of the closest to next closest
neighbour distance, that gradually decreases in a non-linear fashion with increasing extension
angle, again reaching a minimum for extension along nˆ.
These data suggest, for extension along pˆ∗ and immediate directions, the presence of a
structure with higher density. This is a result of spheres that are distributed more evenly in the
(111) plane, in contrast to extension along nˆ where increased in-plane anisotropy is observed,
due to the close proximity of spheres in the transverse direction and their increased separation
in the axial. This signifies the enhanced anisotropic nature of the in-plane structure when
deformed along nˆ, in comparison to pˆ∗ orientations and suggests the increased importance of
the polymer matrix material due to its capacity to accommodate increased localised strain and
a potential rearrangement of spheres in the transverse direction, when extension along nˆ is
considered.
The detailed information provided by the micromechanical model, regarding the topology
of the rigid spheres in the reference frame of the RVE, when the initially fcc crystal structure
is subjected to applied deformation, allows for the prediction of the photonic crystal’s cor-
responding optical properties for extension in arbitrary directions. The structure factors of
different crystallographic planes, their separation and the corresponding angles of diffraction
(with additional correction for refraction) can be calculated in reference to the undeformed
(111) separation and the (111) normal respectively. As a result, the data extracted from the
micromechanical model can be used in an attempt to index the experimentally observed reso-
nant peaks by finding correlations between intensity maxima recorded in the DF spectra and
specific crystallographic planes.
The micromechanical model’s predictions for features attributed to (111) and {110} crystal
planes, with structure factors Fhkl 6= 0 and diffraction angles that do not exclusively restrict the
appearance of resonances, are presented in Fig. 6.15, as a function of applied extensional strain
along pˆ∗, nˆ and intermediate directions, in accordance with Fig. 6.1. The colour intensity of
the plotted curves represents the structure factor’s value for each combination of extension
direction and crystallographic plane, with bold curves corresponding to larger and faint curves
to smaller values. The angle of diffraction, referenced to the (111) normal, is represented
by the size of the markers assembling each one of the traces, in accordance with the key
presented in Fig. 6.15. It should also be noted that the notation used to describe families of
crystallographic planes refers to the original, undeformed fcc crystal lattice, with the structure’s
strain induced symmetry reduction resulting in altered connections between lattice planes that
initially belonged to the same family but cannot considered to be equivalent anymore.
The predicted behaviour of (111) planes (Fig. 6.15) shows a strong dependence on the
direction of deformation, with the planes’ normalised distance decreasing at an increased
rate for larger angles of extension. For deformation directions close to nˆ, this decrease is
almost monotonic for strains as large as 80% but a non linear behaviour is demonstrated
for lower extension angles (60° and 65°), where a plateau is reached for strain ε ' 40%.
The corresponding structure factors retain their maximum values under strain, regardless of
extension direction and combined with a minimum value of the diffraction angle suggest the
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Figure 6.15 Spacing and orientation of (111) and {110} crystallographic planes, according to the micro mechanical
model, presented as a function of applied strain ε for different directions of extension (conforming with performed
experiments). The colour intensity of the plotted curves represents the structure factor’s value for each combination
of extension direction and crystallographic plane, with bold curves corresponding to larger and faint curves to smaller
values. The angle of diffraction, referenced to the (111) normal, is represented by the size of the markers in each trace.
Parts of the plots lacking markers indicate that internal reflection takes place for the specified range of applied strain.
Miller indices describing crystallographic planes and families of planes are referenced to the original, undeformed fcc
crystal lattice.
existence of strong resonance peaks from (111), even for large strains.
Comparison of these results to the strain dependence of the dominant resonant peaks
recorded in the uniaxial deformation experiments of CS357 samples (Fig. 6.16a), reveals (for
the Young’s modulus value introduced in the model) better agreement for extension along
pˆ than for nˆ oriented samples. In that case, even though both the increased rate and linear
nature of the blueshifting effect observed experimentally for ε < 20% are captured by the
micromechanical model, the rate of blueshifting is underestimated by ' 25%, indicating in
reality a larger compression of the sphere layers forming the (111) crystallographic planes. This
can be considered a consequence of the fact that the micromechanical model assumes a constant
and strain independent value of the Poisson’s ratio (ν = 0.49), corresponding to an almost
ideally elastic medium. This assumption is not realised experimentally, as shown in Fig. 5.6c
and Fig. 6.8b, where the dynamic nature of the extracted Poisson’s ratio is demonstrated. The
divergence between the Poisson’s ratio value recorded experimentally and the ideal value
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Figure 6.16 Comparison of the (111) behaviour under uniaxial deformation, as predicted by the micromechanical model
and as observed experimentally for different series of samples: a, Normalised wavelength of the CS357 series samples’
dominant resonant peaks and (111) spacing as predicted by the micromechanical model, presented as a function of
applied strain (. 23%) along pˆ/pˆ∗ and nˆ. b, Polar diagram presenting the rate of (111) blueshifting, predicted and
observed experimentally for small strains (. 15%) and for different directions of extension of CS289-2 series samples.
included in the initialisation parameters of the micromechanical model is far more evident for
extension along nˆ, justifying to some extent the poorer agreement of the model’s predictions
to experimental data for that direction of uniaxial extension. On the other hand, this result
could also be justified by considering an anisotropic polymer matrix with different values of
the Young’s modulus for different crystallographic directions.
A similar tendency is observed when considering experimental data that correspond to
the uniaxial deformation of CS389-2 samples. This is revealed in Fig. 6.16b, where the rate
of blueshifting for small strains (ε < 15%), as extracted from data corresponding to both
experiments and micromechanical simulations, is presented in polar coordinates for different
directions of extension. A good agreement is demonstrated between experiments and data
produced by the model, when considering extension along pˆ∗ and immediate directions but
again agreement seems to slightly diverge for larger Ω values.
In analogy to the model of close packed hard spheres presented in section 5.5, Optomechanical
Anisotropy in DF Reflectivity and Transmission, the geometry of the deformed fcc crystal lattice
predicted by the micromechanical model gives rise to diffraction from a plethora of additional
crystal planes, due to the lower symmetry (dependent on the direction of extension) possessed
by the deformed crystal lattice and reflected in its unit cell. This provides the means necessary
for the correlation and indexing of the experimentally observed resonant peaks, 2pi - 4pi to
specific crystallographic planes.
In accordance with the experimental observations, 2pi type peaks are expected to appear at
an average normalised wavelength of ' 0.69 (referenced to 1pi, at ε = 0%), redshifting to ' 0.78
at maximum intensity, corresponding to strain values that vary from ε ' 30% to ε ' 72%, for
applied extension along nˆ and pˆ∗ respectively.
These results are not in principle realised by the micromechanical model data. For example,
as shown in Fig. 6.15, even though visible diffraction effects at normalised wavelengths with
values close to 0.80 are predicted from (110), (101) and (011), when extension is applied
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at angles close to 90°, these normalised wavelength values are reached at strains greater by
almost 60%, in comparison to experimental data. For applied strain along pˆ and immediate
directions, the separation of sphere layers defining these crystallographic planes is too large to
be associated with any of the experimentally observed resonances. What is more, the inverse
relationship between applied strain and normalised in-plane distance, as predicted by the
micromechanical model for these crystallographic planes, would be translated in blueshifting
resonant peaks, in contradiction to the redshifting 2pi peaks observed experimentally.
Figure 6.17 Spacing and orientation of {120} crystallographic planes, according to the micro mechanical model,
presented as a function of applied strain ε for different directions of extension (conforming with performed experiments).
The colour intensity of the plotted curves represents the structure factor’s value for each combination of extension
direction and crystallographic plane, with bold curves corresponding to larger and faint curves to smaller values. The
angle of diffraction, referenced to the (111) normal, is represented by the size of the markers assembling each one
of the traces. Parts of the plots lacking markers indicate that internal reflection takes place for the specified range of
applied strain. Miller indices describing crystallographic planes and families of planes are referenced to the original,
undeformed fcc crystal lattice.
Additionally, the predicted strain dependent diffraction effects, attributed to {120} crys-
tallographic planes (Fig. 6.17) reveal a fairly strong response from (102) and (120), indeed
corresponding to redshifting wavelength values in the same range as experimentally occurring
122 Uniaxial Extension Along Non-principal Directions
2pi type peaks. Still, this applies only to Ω < 75°, with deformation at nˆ and intermediate
directions resulting in either blueshifting to larger normalised wavelength values or diffraction
at extreme angles and/or small structure factors, again in poor agreement with experimental
data.
Figure 6.18 Spacing and orientation of {112} and (002) crystallographic planes, according to the micro mechanical
model, presented as a function of applied strain ε for different directions of extension (conforming with performed
experiments). The colour intensity of the plotted curves represents the structure factor’s value for each combination
of extension direction and crystallographic plane, with bold curves corresponding to larger and faint curves to smaller
values. The angle of diffraction, referenced to the (111) normal, is represented by the size of the markers assembling
each one of the traces. Parts of the plots lacking markers indicate that internal reflection takes place for the specified
range of applied strain. Miller indices describing crystallographic planes and families of planes are referenced to the
original, undeformed fcc crystal lattice.
Weak diffraction effects are also predicted by the micromechanical model from {112} and
(002) crystallographic planes (Fig. 6.18), appearing more evidently from (112) and (121), at
normalised wavelength values of ' 0.70 and for samples oriented along directions close to
pˆ∗. This behaviour suggests a connection to 3pi peaks, recorded on experiments involving
deformation of CS389-2 samples along pˆ∗ and immediate directions but 3pi resonancies observed
experimentally for extension at angles close to 90°, for both CS357 and CS389-2 series samples,
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are not predicted by the micromechanical model. Similarly, no obvious correlation can be made
between simulations and experiments regarding 4pi peaks, appearing at average normalised
wavelength values of ' 0.88, only for uniaxial extension of CS389-2 samples at extension angles
> 80°.
On the other hand, the response of (121¯) to applied strain resembles the experimentally
observed behaviour of pˆ oriented samples, with normalised wavelength redshifting from
' 0.75 to values > 0.80 but this effect only appears for large diffraction angles. Similarly, (002)
crystallographic planes redshift towards a maximum normalised wavelength value, realised for
strain ε ' 50% but only for extension along nˆ and diffraction angles that exceed 45°.
The strain response of crystallographic planes that according to the micromechanical model
fail to demonstrate diffraction effects, not as a result of the deformation induced symmetry
breaking of the crystal structure, as reflected in the calculated structure factors but explicitly as
a consequence of internal reflection, due to the predicted angles of diffraction, are presented in
Appendix C.
Modelling Optomechanical Properties: A retrospective approach
The behaviour of {112} as described by the micromechanical model and presented in Fig. 6.18
contradicts the hard sphere model’s predictions, that showed strong diffraction effects from
(1¯12¯) and (112¯), emerging with increasing values of the applied strain and redshifting towards
higher crystal planes spacing and consequently normalised wavelength values (Fig. 5.11b), in
relative agreement with experimental observations. In that respect, the micromechanical model
fails to capture this trend, with only (002) resembling to some extent the features captured by
spectroscopic measurements (Fig. 6.18).
On the other hand, the hard sphere model fails to reproduce the anisotropic optical proper-
ties of either CS357 or CS389-2 series samples, as demonstrated experimentally by the different
blueshifting rates of dominant 1pi resonant peaks for extension along principal directions nˆ
and pˆ/pˆ∗. In that regard, the micromechanical model manages to achieve significantly better
agreement with experimental data.
The lack of congruity between these two different approaches for the prediction of the
optical properties of the fabricated polymer based photonic crystals, can be attributed partly to
their essentially different assumptions on the undeformed structure’s packing fraction, with
close-packed and non-close-packed assemblies of spheres adopted by the hard sphere and
micromechanical model respectively. Concurrently, fundamentally different mechanisms are
employed by the two models in order to introduce deformation into the undisturbed structures.
The hard sphere model ignores the matrix material altogether and controls independently the
rearrangement of spheres in the deformed unit cell. The micromechanical model relies on the
application of initial stress-strain conditions at the periodic boundaries of the RVE, indirectly
affecting the positioning of spheres in the strained structure, through the perfect bonding
restrictions between hard spheres and elastomeric matrix. These differences are manifested
in the contrasting for the two models proposed strain-induced structural transitions, with no
evidence of a fcc to monoclinic crystal transformation indicated by the micromechanical model.
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Furthermore, both models ignore the presence of the additional microstructure, introduced
by the polymer network that makes up the polymer matrix, ignoring any effects of possible
molecular orientation, whether already present or developed only at high values of applied
extensional strain. In particular, the micromechanical model considers the fcc crystal structure
as the only source of anisotropy in the system and does not accurately reproduce the addi-
tional resonant peaks captured experimentally through microscope based spectroscopy nor
does it predict the anisotropic mechanical properties recorded for both CS357 and CS389-2
series samples. In comparison, the predictions of the hard sphere model suggest that the
unconventional, strain driven movement of the hard spheres, as introduced by the touching
sphere restrictions implemented in that model, manages to accurately reproduce some of the
secondary resonant peaks observed experimentally. On the other hand it fails to capture the
anisotropic blueshifting of the dominant resonant peaks and suggests a constant value of yield
strain, dependent only on the direction of applied deformation.
Additionally, we should consider the fact that despite the strain dependent nature of the
Poisson’s ratio, as recorded in experiments through image analysis techniques, the microme-
chanical model assumes a constant value ν = 0.49, that matches experimental data only for
very small values of applied strain. Furthermore, both models are based on the assumption of
an undeformed structure featuring a perfect fcc crystal lattice, with its periodicity maintained
throughout the application of extensional strain, ignoring the presence of disorder, whether
this is pre-existent or strain induced.
In summary, the hard sphere model ignores completely the presence of the PEA polymer
matrix present in the actual samples tested and it assumes a perfect fcc geometry of touching
closed packed spheres that maintain at least partial contact during deformation. The microme-
chanical model also assumes a perfect fcc geometry of hard spheres but now arranged in a
non-close packed structure with a packing fraction of 46%. The matrix material is modelled as
an elastic neo-Hookean solid and as a result is assumed incompressible and deformation is
reversible.
The limitations of both models become evident when considering the actual composite
structure of the material. TEM measurements show that the arrangement of PS spheres is
non-close packed with a packing fraction estimated at 46%. As a result the optomechanical
properties of the polymeric photonic crystals studied here will also be dependent on the
properties of the polymer matrix, which due to the fact that is not crosslinked would lead to
irreversible deformation for large enough strains and viscoelastic behaviour of the composite
material under strain. Also, mechanical instabilities and effects of localised deformation have
not been implemented in any of the models. Furthermore, no evidence of a perfect underlying
fcc crystal structure have been experimentally demonstrated for these systems.
6.5 Conclusion
In this chapter, synchronised optomechanical measurements have been extended to uniaxial
extension experiments along directions that include the normal to the processing direction and
additionally, non-principal directions forming an angle with the normal that increases with
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a 5° increment to a maximum of 30°. The samples employed to that purpose have also been
fabricated through EIRS and correspond to serial number CS389-2.
The recorded mechanical properties appear anisotropic, but inconsistently to previous
experiments that involved CS357 series samples stretched in crystallographical equivalent
directions. For very small strains their mechanical response, as reflected in the extracted
tangential modulus, is isotropic but becomes anisotropic when strain exceeds 2%. For large
strains, pronounced strain hardening is observed in stress-strain curves at orientations close
to the crystallographical equivalent of the processing direction. Characteristic properties of
the material, such as the dynamic Poisson’s ratio, also demonstrate an anisotropic response to
applied strain. Theoretical simulations, based on a micromechanical model of an fcc crystal,
comprising rigid spheres embedded in a matrix modelled as a neo-Hookean solid, fail to
capture the observed anisotropy under uniaxial extension, but suggest mechanical properties
that are dominated by the individual response of the composite material’s polymer matrix to
applied strain.
The observed anisotropy extends to the optical properties, captured through microscope-
based spectroscopy measurements, with dominant resonant peaks blueshifting at different rates
and characteristic secondary resonant peaks appearing and developing in distinctively different
ways with increasing strain at different extension directions, in agreement to uniaxial extension
experiments performed on CS357 series samples at equivalent crystallographic directions.
The predicted structure of the assembly of spheres constituting these composite systems
has also been extracted through micromechanical simulations, with the geometry of the fcc
crystal’s unit cell revealing under deformation a gradually developing structural transition
of different nature for the two extreme directions of extension. This is also demonstrated by
considering the top layer of spheres forming the (111) plane.
Prediction of the experimentally observed optical properties has also been possible through
the same micromechanical model, by calculating the respective structure factors of different
crystallographic planes, as well as the corresponding separation between planes and diffraction
angles. Even though good agreement is demonstrated between predictions and experimental
data representing the dominant (111) resonant peaks, the model fails to estimate the attributes
of additional strain-induced secondary resonances.
Comparing the micromechanical and hard sphere based models’ congruity to experimental
data, emphasises their contrasting initial assumptions and approaches.
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Chapter7
Effect of Crosslinking Density on
Optomechanical Anisotropy
7.1 Introduction
A characteristic feature of the polymer based photonic crystal samples, whose fabrication
and anisotropic optomechanical properties have been described so far, is their reliance on an
uncrosslinked network of entangled polymer chains in order to support their constituent units,
whose assembly crucially defines their observed optical properties. It is the nature of this
polymer network that permits the plastic flow of the material and the rearrangement of the
polymer spheres, for high enough values of applied strain.
Consequently, in order to fully characterise the optomechanical response of these composite
systems their dual microstructure needs to be taken into account. In an attempt to identify
more clearly the role of each one of the composite system’s structural components to its
combined optomechanical response, uniaxial extension experiments have been performed
utilising samples with increased crosslinking density. This increase directly affects only the
polymer matrix, fixing the topology of the polymer network1 and effectively locking the
position of the hard core spheres relatively to that network. As a result the mobility of the
polymer chains forming this crosslinked network is reduced, since interchain slippage is
hindered2 and the composite material’s mechanical response is expected to be dominated by
an elastic rather than a viscous term3.
This chapter starts with a description of the method employed for the fabrication of increased
crosslinking density samples, with its limitations, mainly due to availability of materials,
discussed. Consequently, the optomechanical response of two different batches of samples
with different crosslinking densities, is recorded through uniaxial extension experiments,
following the methodology described before. The effect of the increased crosslinking density
on the mechanical and optical properties of fabricated samples under applied deformation is
discussed separately and compared to uncrosslinked CS357 and CS389-2 series samples and
also to specimens from batches corresponding to different crosslinking densities.
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7.2 Fabrication Method
Fabrication of specimens with increased crosslinking density has been based on samples
from the CS389-2 series, compounded with 3% cycloaliphatic polyisocyanate (Crelan®, Bayern
MaterialScience), a thermally activated crosslinking agent. All samples were provided by DKI.
In order to increase the crosslinking density of the PEA based matrix, annealing of the samples
is required, with exposure to 180 ◦C for 15 min or alternatively 200 ◦C for 10 min recommended
in order to achieve the maximum crosslinking density.
Previous experiments at the facilities of DKI revealed that even though annealing of CS389-
2 series samples under these specified conditions produced samples with near maximum
crosslinking density, demonstrating highly elastic mechanical properties, it was also accom-
panied with a substantial decrease in the structural order of the samples, translated in a
corresponding significant deterioration of their optical properties4.
Due to unavailability of more suitable samples and in order to avoid this undesirable effect,
in the context of this thesis CS389-2 series samples were underexposed, choosing to adopt lower
annealing temperatures in an attempt to increase the number of activated chemical crosslinks
in the polymer network surrounding the PS spheres, while retaining to an extent as great as
possible the structural colour already present. Crucially, due to a synergetic effect between
chemical and physical crosslinks, an increased crosslinking density is expected to consequently
increase the effective number of entanglements as well, contributing to the elasticity of the
network and amplifying the crosslinking effect5,6.
Samples were separated into two different batches, with the first batch placed in a preheated
oven at 145 ◦C and the second at 160 ◦C, equally for 10 min. Due to the increased temperature
that samples from the second batch were exposed to, they were believed to feature an increased
crosslinking density, in comparison to samples from the first batch and as a result specimens
from the two batches were labeled as intermediate and high crosslinking density samples
respectively. The nature of these thermally crosslinked samples is fundamentally different to
representatives of the original CS389-2 series, incorporating additional permanent chemical
crosslinks rather than entanglement-based temporary physical ones. From each batch of
samples two pairs (with pˆ and nˆ orientations) of dumbbell shaped samples were prepared
from defect free regions but due to either experimental errors or early failure of the samples
only four data sets were produced with one pˆ and one nˆ oriented sample from each batch.
7.3 Mechanical response
The combined optomechanical properties of these crosslinked samples were tested in ac-
cordance with the experimental procedure described in Chapter 5, Uniaxial Extension Along
Principal Directions, with results representing their mechanical response presented in Fig. 7.1.
Nominal stress-strain curves, recorded under uniaxial extension, are displayed in Fig. 7.1a for
a combination of high and intermediate crosslinking densities, with the two different principal
directions of extensional deformation, pˆ and nˆ. The anisotropy observed in the mechanical
properties of uncrosslinked samples belonging to series CS357 and CS389-2, for uniaxial exten-
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sion along pˆ and nˆ is no longer present, with stress-strain curves appearing almost identical
irrespective of the direction of applied strain.
Figure 7.1 Effect of crosslinking density on the mechanical response of annealed CS389-2 series samples, for different
principal directions of extension: a, Nominal stress as of function of applied axial strain ε for samples corresponding to
intermediate and high crosslinking densities, when stretched along pˆ and nˆ. b, Dynamic Poisson’s ratio extracted for
the two different crosslinking densities and directions of extension through an image analysis technique. c, Volume
strain ev for both intermediate and high crosslinking density samples when deformed along pˆ and nˆ, calculated through
a combination of image analysis and microscope based spectroscopy techniques.
For the samples corresponding to intermediate crosslinking density an enhancement of
the material’s strength is observed in comparison to data describing the mechanical response
of uncrosslinked samples, with the yield stress increased by more than 20% to '0.4 MPa.
The initial anisotropic response, characteristic of CS357 series samples is not present here, in
agreement with the recorded mechanical response of uncrosslinked CS389-2 samples. The yield
strain value, appears to be the same for both directions of extension and at 35% it is comparable
to the value of yield strain recorded for CS389-2 uncrosslinked samples, when averaged
over all measured directions of extension. For values of applied strain that extend beyond
the yield point, a strain softening effect is still present, although diminished in comparison
to equivalent data representing uncrosslinked samples, appearing slightly more intense for
extension along nˆ. A significantly pronounced strain hardening effect is observed for both pˆ
and nˆ oriented samples, featuring values of stress that have been on average increased by 60%
over uncrosslinked samples at similarly high strains. It should be noted that this distinct effect
on the high strain range of the stress-strain curves can be considered to be an indication of
the increased influence of crosslinking density on the polymer network’s resistance to plastic
deformation7.
This is more evident for the high crosslinking density samples, exposed to higher annealing
temperatures and demonstrating a significant increase in their tensile strength over both
130 Effect of Crosslinking Density on Optomechanical Anisotropy
uncrosslinked and intermediate crosslinking density samples (by a factor of '4). The yielding
point becomes in that case more difficult to determine due to intensified and diminished
strain hardening and strain softening effects respectively, a behaviour that is more pronounced
for extension along pˆ. Qualitatively, the mechanical response of samples that feature a high
crosslinking density approaches to a greater extent the theoretical stress-strain curves predicted
for molecular networks that obey the laws of entropic elasticity8,9 (see section 5.3, Finite
Strain Elasticity) and the observed lack of anisotropy is also in agreement with performed
micromechanical simulations (Fig. 6.5b).
The use of an image analysis technique, as described in Chapter 5, Uniaxial Extension Along
Principal Directions, can provide additional information regarding the mechanical properties of
these polymer based photonic crystals with increased crosslinking density. This is demonstrated
in Fig. 7.1b, where the extracted dynamic Poisson’s ratio has been plotted as a function of
applied strain for samples with different degrees of crosslinking density and directions of
extension. The differences observed for intermediate and high crosslinking density samples are
minimal, in spite of the significant effect that exposure to an increased annealing temperature
has on the material’s strength (Fig. 7.1a). Still, a distinctly anisotropic behaviour is observed,
with the dynamic Poisson ratio for extension along pˆ decreasing almost monotonically from
a value slightly above 0.5 at lower strains to one only marginally below 0.5 for ε > 15%. For
extension along nˆ the response of the material is fundamentally different, with the extracted
Poisson’s ratio value starting again at '0.5 but then dropping, at first considerably more
rapidly in comparison to pˆ oriented samples, before its decrease rate reaches similar values for
both directions of extension at ε > 40%. At that point the observed anisotropy is maximised
with the dynamic Poisson’s ratio extracted for extension along nˆ adopting a value of 0.25,
almost half of that recorded for extension along pˆ.
In comparison to uncrosslinked samples (Fig. 6.8b), the observed decrease in the extracted
dynamic Poisson’s ratio for extension along pˆ takes place in comparable rates and in a
practically linear fashion, independently of the degree of crosslinking density. On the other
hand, a larger initial decrease is demonstrated for CS389-2 series uncrosslinked samples
when stretched along nˆ, adopting for high enough strains an almost constant value of '0.12,
signifying a 50% decrease at ε = 48% over samples that feature either intermediate or high
crosslinking densities. The same behaviour is demonstrated qualitatively by CS357 series
samples as well (Fig. 5.6) but the initial non linear decrease of the dynamic Poisson’s ratio for
extension along nˆ is in that case less pronounced.
If maximum crosslinking density was to be assumed, with all principal directions of
deformation considered to be identical, the Poisson’s ratio would be expected to adopt a
constant value of 0.5, characteristic of incompressible materials formed by polymer networks
that demonstrate high elasticity. In the case of the samples studied here, featuring a less than
optimal crosslinking density, the additional microstructure established by the arrangement
of the PS spheres also needs to be considered, suggesting in conjunction with the possible
presence of an initial texture (due to pre-orientation of the polymer network forming the
PEA matrix) two mechanisms that through independent or synergetic action can explain the
observed anisotropy.
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The differences observed in the dependence of the dynamic Poisson’s ratio with applied
axial strain for extension along pˆ and nˆ are consistent with data corresponding to uncrosslinked
samples. The increased values demonstrated for extension of both intermediate and high
crosslinking density samples (especially along nˆ) suggest the presence of an intrinsic mechanism
that causes greater transverse elastic compaction for the same amount of applied axial elastic
expansion. This behaviour is anticipated, considering that increasing crosslinking density will
gradually diminish the viscous and enhance the elastic components that define the mechanical
response of these viscoelastic systems3.
On the other hand, the fact that both intermediate and high crosslinking density samples
demonstrate the same dynamic Poisson’s ratio for extension along pˆ and nˆ, signifies a only
partial dependence of this effect on the microstructure of the polymer matrix, with an increased
contribution due to the structure adopted by the hard PS spheres. In principle, this seems to be
in agreement with the 2-D structural rearrangement of the rigid spheres observed for extension
along nˆ, according to the principles of the micromechanical model (Fig. 6.14), with lines of
spheres touching in the transverse direction. The fact that increasing the crosslinking density
to the optimal level allowed by the crosslinking agent concentration specified in samples of
this series, results in loss of the observed structural colour, indicates the existence of a possible
crosslinking density threshold. Above that threshold the dynamic Poisson’s ratio dependence
to applied axial strain becomes identical for extension along pˆ and nˆ, to the expense of the
structural order in the arrangement of the PS spheres, disturbed by the now purely elastic
polymer matrix.
This approach can be extended to all three dimensions by considering the volume strain
ev, presented as a function of applied strain in Fig. 7.1c for extension along pˆ and nˆ and for
different crosslinking densities. The method used for the volume strain extraction is identical
to the one described in section 5.5, Optomechanical Anisotropy in DF Reflectivity and Transmission
and as a result it is bound by the same limitations. For samples corresponding to intermediate
crosslinking density and stretched along nˆ, ev shows only a small increase of less than 1% for a
strain of 20%, in contrast to uncrosslinked CS357 samples that demonstrated almost double the
volume strain increase with increasing applied strain and for the same direction of extension.
This difference is even more evident for samples with high crosslinking density, where the
volume strain shows now a decrease of '4%, again for a 20% axial strain.
Similarly, for extension along pˆ a decrease of the volume strain is observed in agreement
with CS357 series samples. The rate of the decrease is now much higher and the volume strain
values are greatly decreased. They adopt approximately a two times lower value for high
crosslinking in comparison to intermediate crosslinking density samples. For an isotropic
material with an elastic response to applied tensile strain, incompressibility can be assumed
and as a result the volume strain would be expected to be zero. The differences observed in the
axial strain dependence of the volume strain between samples corresponding to intermediate
and high crosslinking density can be attributed to an increased compression of the material
in a crystallographic direction normal to the (111) crystal planes responsible for the recorded
dominant spectral peaks, since the extracted dynamic Poisson’s ratio appears almost identical
for both intermediate and high crosslinking density samples. This reflects the highly anisotropic
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nature of these composite systems, signifying their different properties in comparison to the
bulk matrix material.
7.4 Optical properties
The observed anisotropy extends to the optical domain, with spectral features observed for both
intermediate and high crosslinking density samples in qualitative agreement to uncrosslinked
specimens representing the CS357 and CS389-2 series. This is demonstrated in false colour,
contour shading spectroscopic maps, captured through microscope based spectroscopy and pre-
sented as a function of strain ε, applied along either pˆ or nˆ, in Fig. 7.2 for samples corresponding
to intermediate and high crosslinking densities.
Figure 7.2 Scattering spectra for polymer photonic crystal samples annealed to intermediate and high crosslinking
densities for two different principal directions of applied extensional deformation, pˆ and nˆ. Measurements have been
captured through microscope based spectroscopy in DF reflection mode and are presented as a function of applied
strain ε using false colour contour shading. The colourmap represents normalised intensity I.
In comparison to the spectroscopic maps presented in Fig. 6.6 it immediately becomes
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evident that for extension along pˆ the equivalent 1pi type peaks blueshift now almost monoton-
ically for extended values of applied strain and at greater rates, while 2pi type peaks spread
over a larger range of wavelengths and appear diminished. This is even more apparent for the
samples corresponding to a high crosslinking density (Fig. 7.2), where the dominant 1pi peaks
fade to extinction at an applied strain 10% lower and the 2pi maxima appear at a 20% reduced
strain over intermediate crosslinking density samples.
The characteristic features observed for extension of uncrosslinked samples along nˆ are
also maintained here, signifying again the presence of distinct anisotropic properties on the
optical domain, despite the lack of significant differentiation with extension direction in the
mechanical response of samples with increased crosslinking density. The rate of blueshifting
for 1pi type peaks is now increased, as expected for a stiffer polymer network that comprises the
matrix material. Accordingly, with increasing crosslinking density merging of 1pi and 2pi type
peaks takes place at slightly lower values of strain and so does the emergence of 3pi peaks that
appear to extend over a narrower range of strains, reduced by 10% for high over intermediate
crosslinking density samples, also featuring less clearly defined maxima.
The nature of the optical response of these crosslinked samples and the structural arrange-
ment of (111) crystallographic planes is revealed more clearly in Fig. 7.3, where the wavelength
(Fig. 7.3a), linewidth (Fig. 7.3b) and normalised intensity (Fig. 7.3c) of the dominant 1pi type
peaks have been extracted through fitting of Lorentzian curves and plotted as a function of
applied tensile strain.
Figure 7.3 Parameters of 1pi resonant peaks, extracted by fitting Lorentzian curves on DF reflectivity spectra of
annealed CS389-2 series samples and plotted as a function of strain ε for two different crosslinking densities: a, Peak
wavelength representing the separation of (111) crystallographic planes. b, Linewidth (FWHM), linked to the presence
of disorder in the crystal structure. c, Normalised intensity I related to the number of ordered close packed layers of
polymer spheres. Blue regions indicate the range of yield strain recorded values for extension directions along pˆ, nˆ and
intermediate directions for both CS357 and CS389-2 series samples.
In comparison to uncrosslinked samples of the same series (Fig. 6.7) and for 0% strain the
annealing process seems to have no significant effect on the initial 1pi extracted wavelength
or linewidth, representing the (111) separation and presence of disorder in the crystal respec-
tively10. On the other hand, for high crosslinking density samples the normalised intensity I
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appears significantly decreased, but only for pˆ oriented samples, adopting almost half the value
of undeformed samples with the same orientation that have not been crosslinked (Fig. 6.7)
or correspond to intermediate crosslinking density. A similar variation is not observed for nˆ
oriented samples, that retain approximately the same value ('0.55) of I, comparable to the one
recorded for uncrosslinked samples of the same series ('0.48). This is not in agreement with
corresponding measurements for uncrosslinked samples, that demonstrated consistently lower
values of I for pˆ oriented samples.
For increasing applied strain and for extension along pˆ, the dominant 1pi peaks representing
high crosslinking density samples blueshift at a rate increased by more than 16% in comparison
to equivalent resonances observed for samples with intermediate crosslinking density (Fig. 7.3a)
and this behaviour is also qualitatively observed for extension along nˆ. What is more, the
linear dependence of the extracted wavelength on strain, as observed for small strains (<10%)
is extended for high crosslinking density samples to higher strain values, reaching (extension
along nˆ) and exceeding (extension along pˆ) 18%. Increasing the crosslinking density does not
seem to affect the spacing of the crystallographic planes, since no significant change is observed
in the wavelength of the dominant resonant peaks for undeformed samples. In combination
with the fact that a maximised crosslinking density level results in deterioration of the observed
structural colour, this suggests that the origin of such an effect could perhaps be traced to the
existence of an internal stress. That stress would recover the polymer network to its initial state
unless a threshold value of the crosslinking density has been overcome, resulting in plastic
flow of the PS spheres.
In accordance with data presented in Fig. 7.2, extreme anisotropy effects emerge for lower
values of strain with increasing crosslinking density, as demonstrated more clearly in Fig. 7.3b,
where local maxima appear for extension along nˆ due to the interaction between 1pi and 2pi
resonant peaks. These linewidth values correspond to strains of 21% and 28%, for high and
intermediate samples respectively. For extension along pˆ high crosslinking density samples
demonstrate an anomalous behaviour, with the linewidth value increasing initially for ε < 5%
but dropping again to a local minimum at ε = 13%, before increasing again at a significant
rate, indicating increase of disorder in the crystal structure. This is verified in Fig. 7.3c where
the normalised intensity decreases at an increased rate for extension along nˆ and for increased
crosslinking but at similar rates for both crosslinking densities for extension along pˆ.
This behaviour contradicts the yield strain estimations deducted from the hard sphere
model as well, since in that model all observed spectral features would be expected to appear
at the same value of strain. This suggests the significance of the polymer matrix network in
setting both the mechanical and corresponding optical properties of these samples and the
necessity for a model based on a non-close-packed structure. On the other hand, despite the
demonstrated dependence of the strain value at which anisotropic optical properties start to
emerge on the crosslinking density of the polymer network constituting the matrix material,
a decoupling between the anisotropy of mechanical and optical properties is observed. This
suggests that the anisotropic optical properties of the composite systems studied here are indeed
an intrinsic feature, consequence of the very structure responsible for the colour demonstrated
by undeformed samples and independent of any orientation effects in the polymer matrix that
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would result in mechanical anisotropy. A further increase in the crosslinking density of such
composite systems, though not possible here due to limitations introduced by the nature of the
samples used, would be expected to further decrease the apparent strain at which additional
resonant peaks emerge.
In the limit of very high crosslinking density the PS spheres are fixed in the polymer network
and different mechanisms of structural deformation could be possible. Indeed, uniaxial defor-
mation of similarly fabricated polymer composite systems, but with much higher crosslinking
density and purely elastomeric mechanical properties, have shown the re-emergence of addi-
tional resonant peaks11, at much higher strains to the ones recorded here, exceeding 30%-90%
and independently of extension direction. This features have been attributed to a different
type of strain-induced structural transition, demonstrated only for elongation in a direction
equivalent to pˆ. This transition maintains the symmetry of the fcc crystal but changes its
orientation12, again pointing out the significance of the dual microstructure present in these
composite systems.
7.5 Conclusion
Due to the presence of a thermally activated crosslinking agent in CS389-2 series samples, the
effect of increasing crosslinking density on their coupled optomechanical properties can be
explored. For that purpose two batches of samples, with intermediate and high crosslinking
density, have been prepared.
Captured stress-strain curves reveal an essentially identical mechanical response of crosslinked
samples for uniaxial extension along principal directions, both normal and parallel to the pro-
cessing direction, without the anisotropic features observed for uncrosslinked samples of any
series. Nevertheless, the dynamic Poisson’s ratio remains anisotropic, although independent
of crosslinking density (for the degrees of crosslinking featured by samples studied here) and
anisotropy is reduced in comparison to uncrosslinked samples. On the contrary, the anisotropy
of the volume strain appears to be enhanced for samples corresponding to higher degrees of
crosslinking.
The recorded optical properties remain anisotropic, with features observed during deforma-
tion of uncrosslinked samples replicated and additional resonant peaks appearing for extension
along nˆ. Increasing the crosslinking density has as a result the reduction of the minimum strain
value that anisotropic optical effects start to emerge and the range of strain that both primary
and secondary peaks remain visible is also greatly reduced. Crosslinking has little effect on the
strain-induced optical properties except changing the rate at which new features emerge, due
the presence of a stiffened polymer network that surrounds the PS spheres.
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Chapter8
Conclusions and Future Work
The anisotropic optomechanical properties of nanoengineered polymer photonic crystals have
been studied in this thesis. As presented in Chapter 2, Optical Properties of Photonic Crystals, the
symmetry of a photonic system featuring a periodic refractive index modulation is strongly re-
flected in the symmetry and structure of its corresponding photonic band diagram and controls
to a great extent the presence of a PBG. In Chapter 3, Fabrication and Characterisation Methods
of Photonic Crystals, we described how photonic crystals fabricated through self-assembly are
restricted to preferential geometries, limiting fabricated structures to specific periodic lattices
and confining the symmetry of the unit cell that replicates them. The potential to lift such
constraints sets the broad motivational background driving this project.
A summary of the research performed is presented in this chapter and areas that could
benefit from future work are emphasised.
8.1 Summary
A fabrication method (EIRS) based on the shear induced self-assembly of polymer particles
with a core-shell structure, was employed in order to produce, in large scale, elastomeric
photonic crystals that demonstrate strong structural colour effects. Characterisation of their
optical properties through microscope-based spectroscopy, revealed discrepancies between two
different sample series, with quality factor Q differing by 27%. Macroscopically observable
defects were also present on the surface of the sample series with the inferior optical quality,
but special care was taken and experiments were conducted on unaffected areas. These results
reveal that even potential large scale fabrication remains one of the main advantages of EIRS,
reproducibility of materials with identical properties, as crucial as it might be in an industrial
environment, is far from trivial.
Laser diffraction experiments, in both reflection and transmission mode, revealed an under-
lying structure of non-close packed spheres embedded in an elastomeric matrix, with diffraction
patterns demonstrating sixfold symmetry. A clear orientation of the assembly of spheres was
also determined, with the crystal planes of closest packing parallel to the samples’ surface
and lines of core-shell particles oriented along the direction of processing. Microscopy and
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microscope-based spectroscopy of cross-sections revealed a structure consisting of regions with
different structural order forming clearly defined zones, but only for samples corresponding to
intermediate processing steps such as rolling. These regions appear diminished after comple-
tion of all the EIRS processing steps, with final samples demonstrating a uniform structure. As
a result, a nomenclature based on an fcc crystal lattice with stacking faults has been adopted in
order to describe these composite systems.
The nature of the fabricated elastomeric structures, featuring large dimensions and uni-
formity, makes them excellent candidates for experiments involving mechanical deformation,
which in this thesis has been realised through synchronised optomechanical measurements
performed under simple uniaxial extension. Strongly anisotropic mechanical properties have
been demonstrated for extensional strain applied along principal directions, that crucially
coincide with orientations of different crystallographic symmetry. This response to mechanical
stress is seen in stress-strain curves, with specimens appearing stiffer when extended in a
direction normal to the processing one. Pronounced strain softening and hardening effects
are also associated with deformation along that direction, with data being reproducible for all
samples of this particular series (CS357). This anisotropic response is evident even for very
small strains, as demonstrated by the extracted tangent modulus and a viscoelastic dependence
is proved by uniaxial extension experiments at higher strain rates. This indicates a mechanical
response dominated by the polymer network forming the matrix material and indicates the
significance of the dual microstructure featured by these composite systems in their optome-
chanical properties. The dynamic Poisson’s ratio has also been extracted through an image
analysis technique, appearing anisotropic for the two different directions of extension.
Mechanical and optical properties are tightly coupled and as a result the anisotropy is
extended to the optical response of samples, simultaneously recorded. Dominant resonant
peaks attributed to (111) crystal planes blueshift at higher rates for extension normal to the
processing direction and additional characteristic redshifting resonant peaks appear, only
for that extension direction. Interaction and blending of resonant peaks is observed for
higher strains in correlation with the yield strain value of the material indicating a structural
rearrangement of the polymer spheres.
In order to extract more information regarding the material’s microstructure, uniaxial
experiments were repeated in transmission mode, probing this time the bulk volume of the
material. A correlation between strain hardening and sample microstructure was established
for samples extended in a direction perpendicular to the processing, with Fourier transforms
of optical micrographs revealing lines of defects aligned parallel to the direction of extension.
It is demonstrated that their axial length increases and their lateral separation decreases at
vastly different rates with increasing applied strain, verifying a strong relationship between
microstructure and observed anisotropy.
A second set of experiments were performed, involving uniaxial extension along directions
that include the normal to the processing direction and additional intermediate non-principal
directions. Different samples (CS389-2 series) were used for this range of measurements.
Mechanical properties appear anisotropic, but directions which are equivalent crystallograph-
ically do not demonstrate overall equivalence. In particular, the tangent modulus appears
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now direction independent for small strains and different effects dominate the stress-strain
curves, with strain hardening enhanced and strain softening diminished for extension along a
direction crystallographically equivalent to the processing one. The dynamic Poisson’s ratio is
consistently anisotropic, developing in a way that suggests a correlation to both the symmetry
imposed by the crystallographic structure of the material and the nature of the polymer matrix.
The optical response is equally anisotropic, demonstrating almost identical response to
extension along crystallographically equivalent directions, verifying the symmetry of the
underlying photonic structure. A gradual transition is observed for the development of
anisotropic spectral features in extension directions intermediate to those of extreme anisotropy.
In order to further investigate individual contributions from the different elements that
constitute the dual microstructure present in these composite systems and create a separate link
to corresponding mechanical or optical properties, the original experiments were replicated for
samples with increased crosslinking densities, a variation expected to affect only the polymer
matrix. Even though isotropic stress-strain curves are recorded, the dynamic Poisson’s ratio
remains anisotropic, but less than uncrosslinked samples. Anisotropic optical properties are in
agreement with the presence of a stiffer polymer matrix, restricting the mobility of the polymer
spheres.
A strong correlation of extension direction and spectral features for all the samples studied
suggests a high reproducibility of the results presented. On the other hand the correlation of
anisotropy in mechanical properties and extension direction is not as strong, with repeated mea-
surements only for the first series of samples studied. Reproducibility of results corresponding
to the second sample series for both uncrosslinked and chemically crosslinked samples was
significantly limited by the number of suitable samples available for testing.
Interpretation of experimental data has been aided by the development of two different
theoretical models.
On one hand a simple model of close-packed hard spheres, subjected to the restriction
of maintaining contact during deformation, succeeds in predicting the additional secondary
resonant peaks observed only for extension along a direction normal to the processing one.
These are attributed to {112} crystallographic planes of the originally fcc crystal lattice, with
additional diffraction effects becoming visible due to a strain induced structural transition
to a lower symmetry monoclinic crystal. This model still fails to account for the anisotropic
blueshifting rate of (111) dominant resonant peaks observed experimentally and a suggested
deformation mechanism due to crystallographic slip of
(
1¯11¯
)
planes predicts the same yield
strain for principal directions of extension, independent of crosslinking density and yield strain,
in poor agreement with experimental data.
On the other hand, a different approach has been adopted by a micromechanical model
that has been developed, with simulation results relying on a periodically repeated RVE, based
on an fcc unit cell that comprises rigid spheres arranged in a matrix material modelled as
neo-Hookean. This model suggests a mechanical response almost independent of the applied
uniaxial extension direction, failing to capture the anisotropic mechanical properties observed
through experiments. Nevertheless, the fact that the simulated mechanical response seems
to be dominated by the presumed isotropic matrix material is in principle in agreement with
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measurements. This extends to the consistently anisotropic values of Poisson’s ratio, recorded
through experiments, justified by this model through a decreased in-plane density of spheres
occupying (111) for extension along directions normal to the processing.
A prediction of observed optical properties is also attempted by this model, through the
application of basic diffraction theory in data representing the relevant coordinates of the rigid
spheres in the RVE and their development under applied strain. The deformation induced
reduction of lattice symmetry suggests the appearance of a plethora of additional peaks, but
an adequate correlation to experimentally observed secondary resonant peaks could not be
established. A transition from an fcc to a monoclinic crystal lattice could not be verified by this
model either. On the other hand the different blueshifting rates of the dominant (111) peaks
are indeed predicted, with relative agreement to data corresponding to both series of samples.
8.2 Limitations and Future Work
The adoption throughout this work of a nomenclature based on a fcc crystal lattice is not com-
pletely justified. As described in Chapter 4, Fabrication of Photonic Crystals on a Large-scale: The
EIRS Method, it has been derived through TEM measurements of structures fabricated through
a related self-assembly driven technique, combined with evidence of structural uniformity,
as demonstrated through microscopy and microscope-based spectroscopy of cross-sections
corresponding to EIRS processed samples. Nevertheless, additional techniques, such as SAXS
could be used in order to fully resolve the crystal structure of fabricated samples, both before
and after deformation, verifying our assumptions and predictions of the hard-sphere based
model.
Coupled optical and mechanical properties of the structures under investigation are de-
pendent on the presence of a dual microstructure, consisting of a hard sphere assembly and
a polymer network, differing in length scale by approximately one order of magnitude. As
a result a full characterisation of the matrix material is of extreme importance. This becomes
difficult considering that this material is not expected to behave identically when in its bulk
form and when incorporated in the composite material studied here. Possible experimental
techniques that could be employed for that purpose would include monitoring the relative
orientation of gauche and trans rotational states of polymer chains through IR spectroscopy,
measuring the distortion of initially isotropic polymer chains through SANS or employing
other appropriate spectroscopy techniques such as Raman spectroscopy.
One of the consequences of the dual microstructure featured by these polymer based
photonic crystals is the fact that directions of extension that are crystallographically equivalent
are not equivalent overall. Ideally, additional measurements, spanning the whole range of
angles between pˆ and nˆ would be required in order to fully characterise the optomechanical
response of these systems. As a result, a large number of samples with consistent properties
would be required, increasing the necessity for an optimised large scale fabrication procedure
to be realised. Such reproducibility of optical and mechanical properties would be essential for
the fabrication of this material in an industrial scale.
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Any molecular alignment in the elastomeric matrix, whether pre-existent or strain-induced
would be accompanied with birefringent effects, with a larger refractive index demonstrated in
the direction of alignment. Considering the effect of such an average refractive index contrast
variation in the optical properties of the material could also be part of the future work.
Micromechanical simulations that consider a viscoelastic, rather than a perfect elastic
medium as the matrix material, which can also be modelled as anisotropic, could be part of
future work regarding theoretical modelling of these systems.
Finally, appropriately tailoring the properties of these tuneable photonic crystals in a way
that increased crosslinking density does not affect their structural order, could provide a way
of selectively fixing the deformed structure into a lower symmetry mode, with applications in
security systems.
Recently the synthesis of a luminescent mechanophore that emits visible light (blue) and can
be incorporated in polymer chains or used as part of a crosslinking agent in polymer networks
has been demonstrated**. Incorporation of such a molecule in the polymer matrix of the system
studied here can provide additional information about the yielding and deformation process.
More importantly if combined with a tailored PBG in our system, relating to the dominant and
secondary strain-induced resonant peaks, very interesting optical properties can be introduced.
**Chen, Y. et al. Mechanically induced chemiluminescence from polymers incorporating a 1,2-dioxetane unit in
the main chain. Nature Chemistry 4, 559-562 (2012).

Appendix A
Glide in fcc Single Crystals: Calculation of Resolved Shear Stress
Figure A.1 Schematic diagram indicating the slip
geometry for a cylindrical segment of a single crys-
tal, with a cross-sectional area A, subjected to
uniaxial deformation. The direction of the applied
force F is indicated and so is the slip direction and
the normal to the slip plane. The angles formed
between the direction of applied stress and the
direction of slip and normal to the slip plane are
denoted as λ and φ respectively.
Plastic deformation in crystalline solids is gov-
erned by the sliding of preferred crystallo-
graphic planes along specific crystallographic
directions, both strongly depending on the sym-
metry of the unperturbed crystal structure. This
apparent slip is the combined effect of glissile
dislocations, gliding on the slip planes and along
contained slip directions, together defining a slip
system§.
In Fig. A.1, a cylindrical segment of a single
crystal with a cross-sectional area A is shown
under uniaxial deformation, due to an applied
force F. The component of the applied force
along the specified slip direction (dark blue ar-
row in Fig. A.1) will be F cosλ, while the area
of the corresponding slip plane will be A/cos φ,
where λ and φ the angles formed between the
applied force and the normal to slip plane and
slip direction respectively. As a result, the shear
stress resolved on the indicated slip system will
be:
τR =
F
A
cos φ cosλ = σ cos φ cosλ, (A.1)
where σ the applied stress.
Slip is initiated when the shear stress on one or more slip systems exceeds a critical value,
known as the critical resolved shear stress (CRSS). The factor cos φ cosλ in Eq. (A.1) indicates
the percentage of applied stress resolved to any particular slip system and is known as the
§Hull, D. & Bacon, D. J. Introduction to Dislocations. (Elsevier Science, 2001).
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Table A.1
Schmid Factors: Octahedral Slip Along Close-packed Directions.
Slip System Absolute Value of Schmid Factor
for Extension Along pˆ or nˆ
Slip Plane Slip Direction pˆ,
[
101¯
]
nˆ,
[
1¯21¯
]
[111]
[
101¯
]
0 0[
01¯1
]
0 0[
11¯0
]
0 0
[
1¯11¯
]
[
101¯
]
0 0
[110] 0 0.272
[011] 0 0.272
[
11¯1¯
] [110] 0.408 0.136[
01¯1
]
0.408 0.408
[101] 0 0.272
[
1¯1¯1
] [011] 0.408 0.136
[101] 0 0.272[
11¯0
]
0.408 0.408
Schmid factor. The largest the Schmid factor value, the more likely for the CRSS to be exceeded
and for slip to occur in that particular slip system.
Slip planes are normally the crystallographic planes demonstrating the most efficient pack-
ing for a crystal structure and slip directions the crystallographic directions that correspond to
the minimum distance between the crystal’s constituent units. Consequently, for a fcc dominant
crystal lattice, slip systems are comprised by {111} crystal planes and 〈101〉 crystallographic
directions.
Table A.2
Schmid Factors: Octahedral Slip Along Non-close-packed Directions.
Slip System Absolute Value of Schmid Factor
for Extension Along pˆ or nˆ
Slip Plane Slip Direction pˆ,
[
101¯
]
nˆ,
[
1¯21¯
]
[111]
[
1¯21¯
]
0 0
Continued on next page
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Table A.2 – Continued
Slip System Absolute Value of Schmid Factor
for Extension Along pˆ or nˆ
Slip Plane Slip Direction pˆ,
[
101¯
]
nˆ,
[
1¯21¯
]
[
21¯1¯
]
0 0[
1¯1¯2
]
0 0
[
1¯11¯
] [121] 0 0.314[
11¯2¯
]
0 0.157[
2¯1¯1
]
0 0.157
[
11¯1¯
] [1¯12¯] 0.236 0.393
[211] 0.236 0.079[
1¯2¯1
]
0.471 0.314
[
1¯1¯1
] [2¯11¯] 0.236 0.393[
12¯1¯
]
0.471 0.314
[112] 0.236 0.079
The Schmid factors specifically for a fcc crystal structure subjected to an applied strain
along pˆ or nˆ have been calculated and presented in Table A.1 and Table A.2, for octahedral slip
along close-packed and non-close-packed crystallographic directions respectively.

Appendix B
EIRS: Thickness Reduction Through Shear¶
If we assume d to be the initial thickness of the polymer film encapsulated in PET tapes,
bending of the polymer ribbons over a hot edge with apex α will correspond to a path
difference ∆s = d · α between the top and bottom PET tapes (Fig. B.1a). If τ0 the initial strain
due solely to the bending of the ribbons over the hot-edge then τ0 =
∆s
d
= α.
Figure B.1 Reduction of thickness through shear in EIRS: a, Polymer ribbon bent over a hot-edge with apex α, showing
the path difference ∆s between the top and bottom surfaces. b, Single volume element under shear, with bending angle
θ and directions of horizontal (τh) and vertical (τv) shear strains denoted.
Considering a volume element of the strained polymer (Fig. B.1b) the initial angle of
bending θ0, corresponding to horizontal shear strain τh = τ0 will be:
θ0 = arctan τ0 = arctan α. (B.1)
Under shear, a decrease in thickness ∆d = d− d′ will occur so that:
∆d
d
= 1− cos θ. (B.2)
¶As described in: Finlayson, C. E. et al. 3D Bulk Ordering in Macroscopic Solid Opaline Films by Edge-Induced
Rotational Shearing. Adv. Mater 23, 1540-1544 (2011). This model has been developed by Prof. J. Baumberg and Dr
C. Finlayson.
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The value of the corresponding vertical shear strain τv will be:
τv =
∆h
∆l
= tan θ. (B.3)
Combining Eq. (B.1) and Eq. (B.2), the relative decrease in thickness for the initial angle of
bending θ0 will be:
∆d
d
= 1− cos (arctan α). (B.4)
Appendix C
Diffraction Angle Restricted Optical Response (in Accordance with
Micromechanical Simulations)
The micromechanical model’s predictions for features attributed to crystal planes corresponding
to diffraction angles that restrict the appearance of resonances due to their extreme values
(> 90°) or because of internal reflection, are presented in Fig. C.1, Fig. C.2, Fig. C.3 and Fig. C.4,
as a function of applied extensional strain along pˆ Eq., nˆ and intermediate directions. Again,
the notation used to describe families of crystallographic planes refers to the Miller indices of
the original, undeformed fcc crystal lattice.
Figure C.1 Spacing and orientation of {111} crystallographic planes, for diffraction angles that restrict the appearance
of resonances due to their extreme values (> 90°) or because of internal reflection, according to the micro mechanical
model. Data are presented as a function of applied strain ε for different directions of extension (conforming with performed
experiments). The colour intensity of the plotted curves represents the structure factor’s value for each combination
of extension direction and crystallographic plane, with bold curves corresponding to larger and faint curves to smaller
values.
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Figure C.2 Spacing and orientation of {121} crystallographic planes, for diffraction angles that restrict the appearance
of resonances due to their extreme values (> 90°) or because of internal reflection, according to the micro mechanical
model. Data are presented as a function of applied strain ε for different directions of extension (conforming with performed
experiments). The colour intensity of the plotted curves represents the structure factor’s value for each combination
of extension direction and crystallographic plane, with bold curves corresponding to larger and faint curves to smaller
values.
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Figure C.3 Spacing and orientation of {200}, {101}, {202} and (12¯2) crystallographic planes, for diffraction angles
that restrict the appearance of resonances due to their extreme values (> 90°) or because of internal reflection, according
to the micro mechanical model. Data are presented as a function of applied strain ε for different directions of extension
(conforming with performed experiments). The colour intensity of the plotted curves represents the structure factor’s
value for each combination of extension direction and crystallographic plane, with bold curves corresponding to larger
and faint curves to smaller values.
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Figure C.4 Spacing and orientation of {102} crystallographic planes, for diffraction angles that restrict the appearance
of resonances due to their extreme values (> 90°) or because of internal reflection, according to the micro mechanical
model. Data are presented as a function of applied strain ε for different directions of extension (conforming with performed
experiments). The colour intensity of the plotted curves represents the structure factor’s value for each combination
of extension direction and crystallographic plane, with bold curves corresponding to larger and faint curves to smaller
values.
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